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Gun clubs are widespread throughout New Zealand but the environmental impact of Pb 
shot has not yet been characterised in this country. This dissertation presents a study of 
the extent of lead contamination in soil and plants resulting from the activity of a gun 
club with a relatively small membership operating on arable farmland in Canterbury. 
The study site has been used for over 60 years for clay target shooting. 
The spatial distribution of lead concentration in the topsoil of a gun club site was 
determined by carrying out a grid survey. Lead in the soil profile was also determined 
to a depth of 20cm. A greenhouse study was conducted to assess plant uptake of lead. 
Total, exchangeable, oxide-bound, organic-bound and residual lead concentrations were 
determined by a sequential fractionation procedure. 
The highest EDTA-Pb concentrations were found approximately 100 m from th~ 
shooting area (ca. 6000 - 8000 mg EDT A-extractable Pb kg-I soil) with approximately 
30% of the site area above the Australian & New Zealand Envirohmental & 
Conservation Council and National Health & Medical Research Council guideline limit 
of 300 mg kg-I. Little reduction in lead concentration was evident to a depth of 200 
mm. The data confirms that shooting activities in New Zealand may cause locally 
intense Pb contamination. Plant roots contained considerably greater concentrations of 
Pb than the leaves of all plant species examined. Significant translocation of lead to the 
shoots occurred, causing lead concentrations in the shoots to exceed the maximum 
allowable limit for foodstuffs. Approximately 90% of the total Pb at the site is present 
in the soil in metallic form, as Pb shot. Very little Pb is present as transformation 
products and soil-Pb compounds, illustrating the characteristic low solubility of Pb. 
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1.0 INTRODUCTION 
1.1 GENERAL INTRODUCTION 
Well recognised sources of soil Pb pollution such as the automotive and metallurgical 
industries and land application of sewage sludge are relatively well documented and 
studied (Davies, 1990). There has also been considerable study relating to the polluting 
effects of Pb shot deposition in wetlands (for example, Battelle Ocean Sciences, 1987), 
especially in relation to the potential hazards to waterfowl (for example, Thompson et 
aI., 1989). However, the effects of Pb shot deposited on soil are not nearly so well 
documented. Gun clubs are not listed as a land use which is associated with site 
contamination in the Australian and New Zealand guidelines for the assessment and 
management of contaminated sites (ANZECCINHMRC, 1992). 
Scandinavian research leads the short international publications list that deals with this 
lesser-studied subject, with papers from Sweden (Lin, 1996; Lin et aI., 1993), Denmark 
(Stogaard Jorgensen and Willems, 1987), and Finland (Tanskanen et aI, 1991; Manninen 
and Tanskanen, 1993). In addition, single papers have been published in both Germany 
(Fahrenhorst and Renger, 1990) and Britain (Mellor and McCartney, 1994). Several 
American papers document the incidence of Pb shot at shooting ranges, however these 
focus on issues less relevant to this study, such as the density of shot on the soil surface 
available for ingestion by migrating waterfowl (Castrale, 1989), the effect of Pb shot 
deposition on an estuarine environment (Battelle Ocean Sciences, 1987; Stansley et aI., 
1992), and the impact of Pb shot on, and the toxicity of clay targets to small animals 
(Baer et aI., 1995; Stansley and Roscoe, 1996). 
1.2 CLAY TARGET SPORTS 
Trap and Skeet shooting are outdoor competitive sports which involve participants 
firing shotguns at moving targets launched into the air. Both sports were developed to 
provide game bird hunters with practice in shooting moving targets in mid-air. Sports 
using clay targets are different to the sport of target shooting, which involves the use of 
different types of guns to shoot at stationary targets. Trap and Skeet shooting differ in a 
number of ways, including the number of shooting stations and the types of shotgun 
used. The clay targets, which are also known as clay pigeons, are brittle discs made of 
limestone and pitch (Baer et aI., 1995). In the past each ammunition cartridge contained 
a maximum of 11/8 ounce (32 g) of Pb in the form of spherical pellets, or shot. This 
weight has now been reduced to 1 ounce (28 g). 
1.2.1 Trap Shooting 
For trap shooting, the targets are launched into the air in a random direction by spring-
driven mechanisms, called traps which are located in trap-houses. This creates spin on 
the targets so that they fly through the air. The targets used for trap shooting commonly 
measure 11 cm in diameter and weigh about 100 g. Shooters successively fire at the 
launched targets from each of five different lanes positioned in an arc measuring about 
40°. Generally a minimum of 25 targets are launched in a shooter's round. A second 
shot is usually fired at a target that is not broken with the first shot. Trap shooting was 
developed in England late in the 18th century. Live pigeons were first used as targets, 
released from cages known as traps, hence the present-day reference to clay targets as 
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clay pigeons. The scarcity of live pigeons in the United States of America in the 19th 
century prompted trapshooting enthusiasts to create artificial targets. 
1.2.2 Skeet Shooting 
This discipline involves clay targets launched two at a time, each from a separate trap. 
The targets are released alternately or simultaneously along fixed, intersecting flight 
paths. The traps are housed in two small towers (concrete or similar) of about 2 m in 
height, which are located about 36 m apart. 
1.2.3 New Zealand Perspective 
In Canterbury there are approximately 18 sites which are, or have been, used as gun 
clubs (Canterbury Regional Council, pers. comm.). At the time of writing, the number 
of recreational shooters using gun clubs and the total number of sites in New Zealand 
had not been established. Most gun club sites have been used for intensive shooting for 
tens of years, thus allowing the accumulation of Pb at such sites. Potential problems 
arising as a result of soil contamination by Pb shot include transfer of Pb to the food 
chain or direct ingestion of Pb-contaminated soil. Lead in the soil can be taken up by 
plants. Once a contaminated crop is grazed or harvested, entry into the food chain is 
gained. Grazing animals may also directly ingest the Pb shot. The Canterbury Regional 
Council has identified a previous gun club site in the region which is currently the site 
of a holiday park (Canterbury Regional Council, pers. comm.). In a case such as this, 
there may be potential for the direct ingestion of contaminated soil by young children. 
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The objectives of this study are: 
(i) to detennine the amount and distribution of Pb in soils at the gun club site; 
(ii) to detennine the fonns in which the Pb exists in the soil using a fractionation 
technique; and 
(iii) to examine the availability of Pb in soils from the site to various species of 
plants. 
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2.0 LITERA TURE REVIEW 
Lead is classified as a heavy metal, being an element with an atomic density greater than 
6 g cm-3 (Alloway, 1990). Physical properties of this metal include a relatively high 
atomic density of 11.3 g cm-3, a melting point of 327°C and considerable malleability. 
The element exists in the metallic, Pb(O) form, and the Pb(II) and Pb(IV) oxidation 
states where the former 2+ state is the more stable of the two forms (Fergusson, 1990). 
Due to this greater stability, the Pb2+ ion dominates the inorganic environmental 
chemistry of the element (Davies, 1990), while the tetravalent state is involved in the 
organic chemistry of Pb, for example tetra-alkyl and tetra-aryl compounds. Lead has a 
strong affinity for sulphur enabling Pb to be mined by extraction of the major ore 
mineral galena, PbS (Davies, 1990). 
2.1 COMMON USES 
Lead has been one of the most frequently used metals from early times to the present 
day (Davies, 1990; Fergusson, 1990). In early times, the low melting point and relative 
easy malleability of the metal promoted it's mining, smelting and various uses including 
weather proofing of buildings, water pipelines, cooking vessels, and later as an additive 
to wine. More recent uses include Pb batteries, petrol additives, pigments/paints, alloys 
such as Pb/Sb and Pb/Sn, and ammunition. 
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2.2 LEAD IN SOIL 
2.2.1 Forms and amounts of Pb in soils 
Soil Lead Concentrations 
Lead occurs naturally in all soils at low concentrations as a trace element, as a result of 
trace amounts (1 - 30 mg kg>!) of Pb in various rocks. After centuries of widespread use 
of the metal, the natural background concentration of Pb in soil only occurs in relatively 
remote areas where the influence of anthropogenic sources is at a minimum. In such 
areas Pb levels range from 10 - 30 mg kg>! (Davies, 1990). Elsewhere, where low-level 
contamination has occurred due to anthropogenic release of Pb into the environment, 
soil Pb concentrations can be expected to lie in the range 30 - 100 mg kg>l (Davies, 
1990). Hence, there is some variation in estimations of the average concentration of Pb 
in uncontaminated soils. The typical Pb content of soil can be established as ranging 
from 10 - 200 mg kg"!, while pockets of naturally elevated soil Pb concentrations are 
caused by the presence of Pb ores such as galena (PbS). 
The characteristic accumulation of Pb near the soil surface in soil profiles is mainly 
related to the formation of organic complexes (Kabata-Pendias and Pendias, 1992) but is 
also exacerbated by the substantial amount of atmospheric deposition of Pb from 
sources such as mines, smelters and exhaust emissions outlined earlier. Cartwright et 
al. (1976) reported negligible vertical movement of Pb in soil profiles at sites 
contaminated by smelter emissions. Thus organic matter is considered as a sink of Pb in 
contaminated soils. Kabata-Pendias and Pendias (1992) report that calculations made to 
estimate the half life of Pb in soil (the period in which the amount of Pb in soil will 
reduce by one half) ranged from 740 to 5900 years, depending on soil characteristics, 
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organic matter content and water management. Contamination of soils with Pb is 
generally an irreversible process. 
Cation Adsorption 
Adsorption mechanisms that bind metals to soil surfaces have been studied so that the 
behaviour of metals in soils can be further understood. The dominant charge on the 
surface of soil colloids is negative. Hydrated metal cations, such as Pb2+, can be 
adsorbed onto colloidal surfaces by electrostatic attraction. The amount of adsorption is 
partially determined by the number of available adsorption sites, therefore soils with 
high clay content, and hence high cation exchange capacity, have better cation 
adsorption. The resulting adsorption is termed ion exchange and is considered to be an 
outer-sphere complex where water molecules of the hydrated ion exist between the ion 
and the binding surface. Ion exchange is a non-specific, reversible and rapid reaction 
(Mortvedt et ai., 1991). Thus ion exchange reactions involve exchangeable forms of Pb. 
Specific adsorption involves the formation of a covalent bond between a metal ion and a 
functional group at the surface of a colloid, generally Fe, Mn and Al hydrous oxides, 
phyllosilicate clay minerals and organic colloids. Each ion requires a certain ion 
configuration on the colloid surface before a bond can be formed, and the bonded ion is 
only partially hydrated giving direct contact between the ion and the colloid. Thus an 
inner-sphere complex is formed. 
The large number of functional groups present on humus have a great affinity for metal 
ions, so that metals form strong and highly stable complexes with organic ligands 
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(Kabata-Pendias and Pendias, 1992). Co-precipitation of a metal ion and Fe, Mn and Al 
oxides can occur, forming a new solid surface (Sposito, 1984), or a coating on soil 
particles (Shuman, 1991). 
The chemical processes in soil involving Pb include sorption onto clays, organic matter 
and FelMn oxides, precipitation of insoluble compounds, and binding to inorganic and 
organic ligands (Fergusson, 1990). The sorption of Pb generally follows the Langmuir 
or Freundlich isotherms and sorption strength occurs in the following order: 
montmorillonite < humic material, kaolinite < allophane < imogolite < halloysite, Fe 
oxides (Fergusson, 1990). Sorption increases with pH until Pb(OHh precipitates. Lead 
(Pb2+) ions are more strongly sorbed by soil than Ca2+ ions, and Pb ions may replace K+ 
ions in organic and clay materials. 
Often the total amount of a heavy metal in the soil is less important than the chemical 
form, or species, as it may be the latter that is responsible for the behaviour of the metal 
in the soil (Shuman, 1991). Precise information about the chemistry of a heavy metal is 
difficult to obtain due to the complex nature of soil and it's spatial heterogeneity. Hence 
conflicting data is not uncommon. Soil reactions involving Pb also differ because the 
metal enters the soil in various compounds, depending on the source. The occurrence of 
specific forms of Pb depends on the soil pH, the source of Pb (natural or anthropogenic), 
the anionic species present and the redox conditions. Common Pb compounds occurring 
in the soil are Pb(OH)z, PbC03, PbS, PbO and Pb3(P04h (Fergusson, 1990). 
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Soil Solution 
The soil solution contains metals as simple free ions, inorganic ion pairs or complexes, 
and organic complexes and chelates. Organic compounds and water are the most 
abundant ligands in the soil solution and therefore hydrolysis and organic complexing 
are the most common reactions in soil solutions (Kabata-Pendias and Pendias, 1992). 
Such reactions may be sensitive to pH. Typically, greater concentrations of metal 
cations exist in solution in acid soils than alkali soils. 
It is well known that the behaviour of dissolved Pb and other heavy metals in soils 
depends on soil characteristics, in particular the surface characteristics of soil particles, 
where organic matter content, pH and cation exchange capacity are the most important 
factors. Lead is known to be slightly soluble and strongly adsorbed by soil, and because 
of this, only a small proportion of the metal occurs in the soil solution. At equilibrium 
the concentration of dissolved Pb in the soil solution is determined by the least soluble 
Pb compound, including adsorption compounds of ionic or molecular Pb species and 
solid soil components (Sposito, 1984). The insolubility of Pb compounds, their relative 
amounts in the soil and the pH will regulate their soil-water concentration. This may be 
determined from the Pb/OH- distribution (Fig. 2.1) and Eh-pH relationships (Fig. 2.2 
and 2.3). The dominant species of Pb in the soil solution also changes with pH, as 
shown in Fig. 2.1. 
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Figure 2.1. Distribution diagram for Pb hydroxy species (from Fergusson, 1990) 
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2.2.2 Anthropogenic Sources of Pb in soil 
Soil acts as a major sink for anthropogenic Pb. Well recognised sources of Pb 
contamination of soils are heavy metal mining and smelting, land application of sewage 
sludge, present and past emissions from vehicles, and Pb-based paint. 
Mining and Smelting 
The mining and smelting of Pb and other heavy metals such as copper and nickel that 
contain Pb as an impurity commonly results in contamination of the surrounding 
environment with Pb. The main Pb compounds emitted from smelters occur in mineral 
forms, for example PbS, PbO, PbS04, and PbO.PbS04 (Kabata-Pendias and Pendias, 
1992). The earliest report on the effect of Pb mining on crop and stock health was 
written in 1919 by Griffith; further investigation of this contamination source was not 
carried out until the 1970' s (Wixson & Davies, 1993). The pattern of heavy metal 
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contamination in the vicinity of smelters is frequently associated with the position of the 
stack and the direction of the prevailing wind. Emissions from the stack are the source 
of airborne Pb particles which cause maximum elevated soil Pb levels close to the stack 
with a rapid distance-decline relationship. Agricultural soils in regions of north-east 
Wales were reported to contain 146 - 4,795 mg Pb kg-I soil in a study carried out in the 
mid-1970s (Wixson & Davies, 1993). In Missouri, USA, a study was conducted in a 
county where Cu and Ni mining has continued since the late 1700s. Soil samples had 
elevated Pb levels that ranged up to approximately 2200 mg kg-I (Wixson & Davies, 
1993). The deposition of smelter emissions at Kellog, Idaho, raised soil Pb levels to a 
maximum of 7,600 mg kg-I (Wixson & Davies, 1993). Lead contamination of soil near 
a Pb smelter in Nigeria ranged from over 10,000 mg kg-I at the factory site to 70 mg kg-I 
200 m away (Oyeldele et ai, 1995). Heavy metal contamination at the Port Pirie Pb 
smelter in South Australia was investigated by Cartwright et al. (1976). The study 
demonstrates the widespread dispersal of heavy metals characteristic of smelters. An 
exponential decline in EDT A-extractable Pb with distance from the smelter was 
detectable up to 65 km from the source (Fig. 2.4). The pattern of Pb deposition was 
related to the prevailing wind direction and topography of the area. Concentrations of 
EDT A-extractable Pb in the local Port Pirie area were found to be over 100 mg kg-I. 
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Figure 2.4. Contour map of EDT A-extractable Pb (Ilg g-I) in surface soils surrounding 
the Port Pirie Pb smelter; numerals refer to site numbers (from Cartwright et ai., 1976). 
Biosolids 
Sewage sludge, or biosolids, is an organic waste produced during the treatment of 
municipal wastewater. The quantity of sludge produced is increasing on a global scale 
and the application of sludge onto agricultural land is becoming a preferred disposal 
option. The sewage sludge can be applied to land as a fertiliser and soil conditioner, 
however, one of the factors limiting the amount that can be applied is the often 
substantial heavy metal content of the waste. The heavy metals in sewage sludge are 
generally from industrial effluent that is combined with other waste for treatment. 
Sewage sludge at the final lagoon of the Bromley Treatment Works, Christchurch, 
contained an average of 462 mg Pb kg-I dry solids during 1983 - 1991 (Department of 
Health, 1992). In 197242 sludges from England and Wales were found to contain 120-
3,000 mg Pb kg- I dry solids, with a mean of 820 mg kg-I; in a 1976 study of Idaho cities, 
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Pb concentrations of 545 - 7,431 mg kg-! were reported (Wixson & Davies, 1993). 
There is general agreement that the Pb content of sludges is variable, but is typically less 
than 1000 mg kg-! (Davies, 1990). Kabata-Pendias and Pendias (1992) cite soil Pb 
concentrations of up to 3,900 mg kg-! caused by 'sludged' farmland in Great Britain. 
Automotive industry 
The use of Pb alkyls as additives in petrol to prevent 'pinking' or 'knocking' began in 
the early 1920's. Organo-Pb compounds in petrol are emitted in vehicle exhaust as 
approximately equal portions of particles and aerosols (Graham, 1993) in the form of 
halide salts such as PbBr, PbBrCI, Pb(OH)Br and (PbOhPbBr2 (Kabata-Pendias and 
Pendias, 1992). The larger, heavier particles fall rapidly to the ground causing localised 
pollution of the roadside. The concentration of Pb in roadside soils depends on traffic 
densities, topography, climate and wind conditions (Wixson & Davies, 1993). In 1977 
soil samples taken from the median strip of an Auckland motorway ranged form 1250 -
2200 mg Pb kg-! soil (Graham, 1993). Fergusson et al (1980) reported soil Pb values of 
200 - 3000 mg kg-! on the median strip of a busy dual-lane road, and 360 - 1210 mg kg-! 
alongside a busy urban street. Soil Pb levels decline rapidly with distance from a road, 
with the local background level generally achieved 100 m away. Hence the emission of 
Pb particles results in localised soil Pb elevation. Exhaust emissions in the form of 
much lighter Pb aerosols remain suspended for longer periods and can be transported 
over a substantial distance to cause regional elevation of soil Pb concentration. Tiller et 
ai., (1987) reported that Pb produced within the Adelaide metropolitan area by petrol 
engines has measurably contaminated the rural landscape to about 50 km downwind 
14 
(east) of the city (population ca. 3 million) as shown in Fig. 2.5. This has been 
responsible for widespread low-level contamination leading to elevated background 
levels of approximately 30 - 100 mg kg-I. Because of such widespread use the motor 
vehicle is now recognised as a major source of Pb contamination. The effects of Pb on 
the roadside ecosystem were first studied in 1960, by Warren and Delavault (Wixson & 
Davies, 1993). 
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Figure 2.5. Regional variation of EDT A-extractable Pb in surface soils (0 - 5 cm) of an 
area to the east of Adelaide (from Tiller et ai., 1987). 
Paint Additives 
The use of Pb pigments to colour paints was common from the late 18th century to the 
1960s (Wixson & Davies, 1993). White paints contained Pb carbonates such as PbC03, 
2PbC03.Pb(OHh, and 4PbC03.2Pb(OHh.PbO, while PbS04 and 3PbO.2Si02.H20 
were also used. Red paint colours used Pb304, and PbCr04 and PbCr04.PbO were used 
for yellow colours (Wixson & Davies, 1993). The use of such Pb-containing paints has 
largely been discontinued and is now mainly restricted to roofing primer and coatings 
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for structural steel (Graham, 1993). Existing paint on pre-1960 houses raises concern 
due to the weathering of the paint. Paint flakes containing Pb commonly cause elevated 
soil Pb levels in urban areas where many of the houses were built before the 1960s. In 
Auckland a mean soil Pb concentration of over 800 mg kg- l was recorded in an 'old' 
housing area, and in Christchurch soil samples ranged from 30 - 15,500 mg kg-1 with 
19% of all houses having soil Pb in excess of 1,000 mg kg·1 (Graham, 1993). Soil Pb 
concentrations of 11,000 - 80,000 mg kg-1 were reported near a wall that had been 
sanded during renovation of an old Auckland house (Graham, 1993). 
In a study of selected heavy metals in 30 countries, highly industrialised countries such 
as Belgium and Italy and areas with a high population density, for example Malta (> 
1000 pers km-2 ), generally had the highest soil and plant Pb concentrations (Sillanpaa 
and Jansson, 1992). Compared to the 29 other countries studied, New Zealand had the 
lowest median soil and plant Pb contents. Urban soil Pb concentrations are mainly 
elevated by vehicle exhaust emission, Pb-based paint residues and industrial activity. 
Rural areas will be less influenced by widespread vehicle exhaust emissions, although 
localised contamination by Pb-based paints and rural industries may occur. 
A local source of Pb contamination in the past has been Pb arsenate (PbHAs04), a 
pesticide used in orchards and for controlling cattle ticks. The use of this compound has 
reduced substantially due to the development of organic pesticides (Wixson & Davies, 
1993), however the residue of past applications remain in the soil to increase soil Pb 
levels. 
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2.3 LEAD IN PLANTS 
2.3.1 Lead Uptake and Mobility 
The main source of an element to plants is their growth media, ego soils (Kabata-Pendias 
and Pendias, 1992). Adsorption of soluble ionic or chelated forms of elements present 
in the soil solution by roots is the main pathway for trace element uptake by plants 
(Kabata-Pendias and Pendias, 1992). It is generally accepted that plant uptake of Pb by 
roots is a passive process. The metal is absorbed mainly by root hairs and stored in cell 
walls. However, it has been suggested that·Pb may be sorbed from dead plant material 
near the soil surface rather than being taken up directly from the soil by plant roots 
(Kabata-Pendias and Pendias, 1992). The rate of element uptake by plant roots is 
positively correlated with the available element pool at the root surface, however, the 
correlation can be reduced by the dominance of airborne Pb in some areas. 
Aerial sources of an element may be a significant pathway for plant contamination 
through foliar uptake. This is particularly applicable to Pb uptake, as percentages as 
high as 90 or more of plant Pb have been estimated to derive from airborne Pb 
(Sillanpaa and Jansson, 1992). Airborne Pb such as that emitted from smelters or 
vehicle exhausts has a substantial impact on plants growing in the immediate area. 
Lead particles are deposited on plant leaves where it is taken into the plant system. In 
general, Pb contamination of plants due to airborne sources is common, but depend on 
local circumstances, such as the distance from polluting sources, prevailing winds, plant 
species, leaf surface areas, and duration of exposure (Sillanpaa and Jansson, 1992). The 
Pb concentration of leaves can often be reduced by washing the leaves before analysis. 
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This is because Pb deposited on plant leaves is either fixed to hairy or waxy cuticles, or 
absorbed into foliar cells (Kabata-Pendias and Pendias, 1992). 
Roots can act as a barrier to the transport of elements to other parts of the plant. In the 
case of Pb, it is apparent that there is often a physiological barrier that severely limits 
the transport of Pb from· the roots to other plant tissues. Reported figures include 3% 
(Kabata-Pendias and Pendias, 1992) and 3.5 - 22.7% (Davies, 1990) of root-Pb 
translocated to the shoot. The mobility of Pb in plants is relatively 10 compared to 
various other heavy metals (see Fig. 2.6). Mellor and McCartney (1994) state that Pb 
uptake from contaminated soils at an English gun club was mainly noticeable in the root 
samples. The main processes responsible for Pb accumulation in root tissue is the 
deposition of Pb, especially as Pb pyrophosphate, on the cell walls (Kabata-Pendias and 
Pendias, 1992). Malone et al. (1974) identified Pb precipitates and crystals deposited in 
cell walls of com plants. This mechanism of Pb deposition is considered to be similar 
for all plant tissues. 
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Trace element conc:entraticn in solutions 
Figure 2.6. Trace element uptake by plants as a function of their concentrations in 
nutrient solutions (from Kabata-Pendias and Pendias, 1992). 
2.3.2 Concentrations and Critical Levels 
The chemical composition of plants generally reflects the elemental composition of the 
growth media, and one of the most important factors that determines the biological 
availability of a trace element is its binding to soil constituents (Kabata-Pendias and 
Pendias, 1992). Lead occurs naturally in plants but no essential role has been identified 
for this element (Kabata-Pendias and Pendias, 1992). There is some variation in plant 
Pb concentrations due to the widespread elevation of soil Pb levels by various 
anthropogenic sources. A summary of the Pb contents of edible potions of various 
plants grown in uncontaminated areas is presented in Table 2.1. The background level 
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of Pb in forage plants averages 2.1 mg kg- l (DW) for grasses and 2.5 mg kg-1 for 
clovers (Table 2.2.). 
Table 2.1. Mean Pb content of uncontaminated plant foodstuffs (mg kg-I). 
Plant Tissue sample Fresh weight basis Dry weigh basis 
(mg kg-I) 
Corn a Grains 0.022 0.8,3, <0.3 
Carrot a Roots 0.009,0.012 3, <1.5, 0.5 
Lettuce a Leaves 0.001 0.7,2,3.3,3.6 
Tomato a Fruits 0.002 3, 1, 1.2 
Wheat Grains 0.10 
a Kabata-Pendias and Pendias, 1992; b Merry et ai, 1981 
Table 2.2. Mean background levels of Pb in grasses and clover at immature growth 
from different countries (from Kabata-Pendias and Pendias, 1992). 
Country 
Canada 
Great Britain 
West Germany 
Finland 
Poland 
Sweden 
U.S.A. 
U.S.S.R. 
Grasses Clovers 
(mgkg- i DW) 
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1.8 
2.1 
3.3 
0.36 
2.5 
1.6 
4.6 
1.3 
4.2 
3.6 
8.0 
2.0 
The level of Pb which is toxic to plants has been difficult to establish (Kabata-Pendias 
and Pendias, 1992). It is generally agreed that soil Pb concentrations of 100 to 500 mg 
kg-I, and plant Pb concentrations of several hundred mg kg- l are considered to be 
phototoxically excessive (Kabata-Pendias and Pendias, 1992). There are relatively few 
plant species and genotypes that have adapted to grow in environments with high Pb 
concentrations (Kabata-Pendias and Pendias, 1992). Such accumulator plants take up 
progressively less Pb at higher concentrations (Davies, 1990). 
2.3.3 Factors affecting availability of Pb 
The availability of a heavy metal to plants is related to the amount of metal in various 
soil forms that are in equilibrium with the soil solution, and the rate of replenishment of 
the ions in the soil solution from solid phase forms (exchangeable and adsorbed). Thus 
the availability of an element to plants is strongly controlled by the binding of the 
element to soil constituents. 
The soil acidity is regarded as one of the most important factors which decide the 
availability of a metal to plants because it influences the ability of metals to bond with 
soil colloids and their solubility. For example, the mobility of Pb2+ ions is at a 
minimum for light-textured soil at a pH >5 (Kabata-Pendias and Pendias, 1992). As the 
soil pH increases insoluble Pb compounds precipitate from the soil solution. Many Pb 
compounds have very low solubility, for example PbC03, which makes Pb only slowly 
available to plants. The formation of organic complexes can significantly increase the 
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solubility of Pb, therefore at relatively high soil pH the Pb available for plant uptake is 
predominantly the soluble organic-Pb complexes. 
The amount of organic matter in the soil is important in controlling the amount of Pb in 
soluble and insoluble organic complexes by providing possible ligands. The Pb 
adsorbed by organic material serves as a reservoir to the soil solution. In the case of Pb, 
this reservoir is relatively large due to the strong adsorption of Pb to soil organic 
material, but the rate of Pb supply to solution is very low. 
The specific properties of plants are significant in determining the availability of metals 
and may be quite variable with changing soil and plant conditions (Kabata-Pendias and 
Pendias, 1992). The variable uptake of Pb from a forest ecosystem is illustrated in 
Table 2.3. 
There is an apparent increase in availability of Pb to plants in the autumn and winter, 
especially in forage plants (Kabata-Pendias and Pendias, 1992). While the exact 
explanation for this effect is as yet unknown, it is likely to be related to changes in soil 
chemical properties. Interrelated factors influencing the plant availability of soil Pb to 
plants may include drainage, redox reactions, seasons and soil temperature. 
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Table 2.3. Variation in Pb content among various plants from one site in the same 
forest ecosystem (from Kabata-Pendias and Pendias, 1992). 
Plants Pb concentration 
(mgkg- l DW) 
Grass 
Agrostis alba 1.2 
Clover 
Trifoium pratense 2.8 
Plaintain 
Plantago major 2.4 
Mosses 
Polytrichum juniperinum 22.4 
Entodon schreberi 13.0 
Lichens 
Parmelia physodes 17.0 
Lobaria pulmonaria 28.0 
Edible fungi 
Cantharellus cibarius 1.2 
Leccinum scabra <0.1 
Inedible fungi 
Tylopilus felleus 0.4 
Russula vetemosa 1.0 
2.3.4 Symptoms of Toxicity 
Contaminated soil can produce apparently normal crops that are potentially unsafe for 
animal or human consumption. Pollutants including Pb that enter plants can be active in 
metabolic processes and stored as inactive compounds in cells (Kabata-Pendias and 
Pendias, 1992). Both cases can affect the plant without causing any obvious visual 
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indicators. Plant poisoning due to Pb has seldom been observed in plants growing under 
field conditions (Kabata-Pendias and Pendias, 1992). In fact the most common 
symptoms of phytotoxicity can be non-specific. For Pb, the general effects of 
phytotoxicity have been recorded as dark green leaves, wilting older leaves, stunted 
foliage and brown, short roots (Kabata-Pendias and Pendias, 1992), symptoms which 
are shared with toxic levels of various other elements. Other reported toxic effects of Pb 
include reduction in photosynthesis, and mitosis and water absorption effects. 
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2.4 LEAD SHOT IN SOILS 
2.4.1 Mineralogy of Pb shot 
A new pellet contained in a cartridge consists mainly of Pb (97%), with antimony (2%), 
arsenic (0.5%) and sometimes nickel (0.5%) also present (Jorgensen & Willems, 1987; 
Lin et a!., 1995; Lin, 1996). In contrast a bullet contains 90% Pb, as well as copper 
(9%) and zinc (1 %) (Lin et a!., 1995). 
There are essentially two stages in the transformation of Pb shot into soil-Pb 
compounds: 
(i) the initial weathering of the Pb shot to form transformation products; and 
(ii) the interaction of the transformation products with soil colloids and the soil solution. 
Initial transformations of Ph shot 
Several studies that have analysed the crust material on Pb pellets collected from gun 
clubs sites where they have spent a period of time in contact with soil, have concluded 
that a substantial amount of metallic Pb is transformed into a range of Pb compounds. 
The pellet crust material consists predominantly of hydrocerussite (Pb3(C03h(OH)z; 75 
- 80%) with small amounts of cerussite (PbC03; 5 - 10%) and anglesite (PbS 0 4; 5 -
10%). Lin (1996) found evidence that plattnerite (Pb02; <5%) and massicot (PbO; 
<5%) can also be present in the crust material. Lin (1996) suggested that Pb oxides are 
initially formed when Pb pellets come into contact with soil, which may convert to more 
stable (less soluble) Pb carbonates. This is in keeping with the findings of Jorgensen 
and Willems (1987) who reported that the process for transformation of metallic Pb into 
Pb compounds in the soil is Pb(O) ~ Pb2+ ~ Pb oxides ~ Pb carbonates, where initial 
25 
oxidation of the metallic Pb is relatively rapid. The transformation of oxide compounds 
to carbonate compounds occurs after contact with CO2 in the soil. High levels of 
organic matter in the soil favours the formation of Pb carbonates through the generation 
of C02 by the decomposition of organic residues (Lin, 1996). 
Lin et al. (1995) and Lin (1996) reported that no secondary antimony (Sb) minerals 
could be identified with the X-ray diffraction technique used, which was attributed to 
such minerals being poorly crystalline (amorphous) and hence difficult to detect, or that 
they were present in very small amounts. Stogaard Jorgensen and Willems (1987) 
detected Sb (as amorphous oxide compounds) at a site with low soil pH (3.5), but not in 
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the site with a soil pH of 7.4. The authors attributed this to the high solubility of the Sb 
compounds in alkali solutions, which had resulted in Sb being leached from the alkali 
soil. 
Secondary transformations of Ph 
The carbonate transformation products are available to dissolve into the soil solution 
and bind to soil colloids. 
2.4.2 Pb Concentrations in Soil 
Mellor and McCartney (1994) studied the soil Pb concentration (0 to 150 mm) on a 
transect through the centre of a shooting area. The greatest total soil Pb concentrations 
of 5,000 to 10,620 mg kg- l were detected between 80 to 140 m from the shooting area. 
At a greater distance from the shooting area, there was a rapid reduction in Pb 
concentration to ca. 200 mg kg- l at 300 m. 
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The concentration of EDT A *-extractable Pb along the transect ranged from 1,000 to 
4,102 mg kg-I between 90 and 140 m, compared with ca. 30 mg kg-I at 300m. The 
maximum soil Pb concentrations were found to be generated by a lead shot density of 
approximately 250 pellets per (100 mm diameter) core (Mellor and McCartney, 1994). 
The results of other studies of soil Pb concentrations at similar sites are summarised in 
Table 2.4. This data shows that Pb concentrations in the thousands of mg kg-I are 
common-place at shooting ranges in European countries and the U.S. 
2.4.3 Decomposition Rate of Pb Shot 
Stogaard Jorgensen and Willems (1987) state that the rate of transformation of metallic 
Pb shot into soil-Pb compounds is determined by the initial chemical processes and by 
the rate at which the primary transformation products are removed from the pellets. The 
authors identified that the removal of the transformation products from the Pb pellets 
may be due to leaching as hydrated Pb ions or as soluble Pb-organic complexes, 
adsorption on mineral or organic components, and uptake by plants or microorganisms. 
Cultivation of the soil accelerates the decomposition process due to a combination of 
mechanical removal of solid decomposition products from the pellets and an effect of 
the pellets being brought into contact with atmospheric oxygen and soil solution 
containing carbonic acid and organic complexing agents (Stogaard Jorgensen and 
Willems, 1987). Stogaard Jorgensen and Willems (1987) estimated that in some Danish 
soils, half of the Pb shot will be transformed into soil-Pb compounds in 40 to 70 years, 
-----------------_._------------_. 
* Ethylenediaminetetraacetic acid 
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and that complete transformation of the pellets would occur in 100 to 300 years. Lin 
(1996) estimated that Pb shot in the soil would transform into Pb compounds in the soil 
in approximately 200 years. 
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Table 2.4. Summary of the concentration of Pb and density of Pb shot at shooting ranges as reported by various authors. 
Author(s) Total soil Pb EDTA-extractable Pb Shot density Depth of soil analysed 
(mg kg-I) (mg kg-I) (kg shot m-2) (mm) 
Stogaard Jorgensen and Willems, 1987 - 1,000 ca. 0.4 0-50 
- ca. 700 150 - 200 
Castrale, 1989 - - ca. 83,900 shot ha- I -
(maximum) 
Fahrenhorst and Renger, 1990 ca. 1,000 - - -
Tanskanen et aI., 1991 10,500 - 22.35 (maximum) 0-70 
Stansley et al., 1992 > 10,000 - - -
Manninen and Tanskanen, 1993 28,000 (average) 27,000 (average) - 0- 40 (humus layer) 
pellets removed 
Lin et al., 1995 3,400 475 - -
Stansley and Roscoe, 1996 75,000 - - 0-75 
pellets removed 
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2.5 ENVIRONMENTAL EFFECTS OF ELEVATED LEAD 
CONCENTRATIONS 
2.5.1 Lead accumulation in soils 
Lead accumulation in surface soils impacts on the biological activity of soils (Kabata-
Pendias and Pendias, 1992). Soil microbial biomass is considered to be important in the 
breakdown of organic matter. Incomplete decomposition of organic matter by soil 
rnicrooganisms affected by heavy metals leads to an accumulation of partially 
decomposed organic matter in the soil (Kabata-Pendias and Pendias, 1992). The enzyme 
activity and diversity of the microbial population has been reported to be inhibited by 
Pb. 
Enzymes produced by soil microoganisms can be related to biochemical processes 
involved in nutrient cycling in the soil. Marzadori et al. (1996) reported that soil 
dehydrogenase and phosphatase activity was clearly influenced by the addition of 5000 
mg Pb g-l soil. Doelman and Haanstra (1979) showed that increasing Pb concentrations 
reduced dehydrogenase activity in sandy soils, but had no apparent effect in either clay 
or peat soils. Nitrogen cycling processes, including Nz fixation, have been shown to be 
sensitive to heavy metals in soils (Lorenz et ai., 1992). Davies (1990) reports that while 
some studies have shown an inhibitory effect of Pb on N mineralisation and 
nitrification, others have found no significant effect. The apparent contradiction on the 
effects of Pb and other heavy metals on enzyme activity has been attributed to the 
influence of soil properties on microbial activities. 
30 
Siepel (1995) studied the effect of various Pb-contaminated sites, including a shooting 
range, on the density of fungi-grazing microarthropods (mites). It was found that the 
density of fungivorous grazers decreased with respect to increasing soil Pb 
concentration. 
2.5.2 Lead accumulation in Plants 
A number of studies have confirmed a correlation between soil Pb concentrations and 
the plant uptake of Pb. Mellor and McCartney (1994) observed that elevated soil Pb 
concentrations seemed to have an adverse effect on the growth of oilseed rape plants. 
The elevated soil Pb concentrations caused plant Pb concentrations to exceed 400 mg 
kg-I, which resulted in the reduction of the density of plants per unit area and plant stem 
diameter. 
The chemical composition of radish and spinach was reported to be modified by 
elevated concentrations of soil Pb by Gaweda and Capecka (1995). The content of 
phosphorus, potassium, the bivalent ions manganese, iron and cobalt, total protein and 
pigments were found to be reduced. The deficiency of phosphorus was attributed to the 
immobilisation of a fraction of phosphates in soil by Pb. Gaweda and Capecka (1995) 
also concluded that insignificant dry weight reduction may have been due to 
disturbances in water assimilation and transpiration due to the toxic action of Pb. The 
authors also noted that Pb may have a destructive influence on chlorophyll and 
photosynthesis. 
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2.5.3 Effects of Pb on Animals 
Lead is well recognised as being poisonous to animals and humans. The metal 
accumulates in the bones and kidneys and is carried in red blood cells (Howard, 1985; 
Vannoort et ai., 1995). A common effect of Pb poisoning is the impact on the nervous 
system. In young children and infants, developmental and behavioural problems are a 
common result of Pb poisoning. 
Recreational shooting of waterfowl results in the widespread dispersion of Pb shot 
throughout some wetland areas (Castrale, 1989). Waterfowl ingest Pb shot while 
foraging in wetland sediments and use it as grit to aid digestion in their gizzards. The 
Pb pellets are ground up in the gizzard and Pb is absorbed into the bloodstream of the 
waterfowl, resulting in poisoning. It is estimated that 2.4 million waterfowl die of lead 
toxicosis in the U.S.A. every year (Thompson et ai., 1989). 
It has traditionally been held that ingested metallic Pb does not present a major toxicity 
risk to cattle due to its low solubility in the rumen and reticulum. A study carried out in 
Ireland investigated chronic Pb poisoning in steers eating silage contaminated with Pb 
shot (Rice et aI., 1987). Silage had been made from a field which had been used for 
clay target shooting for a number of years. Classical signs of Pb poisoning that include 
blindness, convulsions and staggering were observed in affected animals. The authors 
concluded that sufficient evidence was presented to justify the prohibition of silage 
making on such contaminated pasture. It is likely that making hay from such sites 
would not create the same problems as the hay baler is unlikely to pick up the Pb shot 
from the ground. 
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2.6 CONTROLS ON SOIL LEAD CONCENTRATIONS 
Regulations controlling Pb concentrations in soils are in place in many countries around 
the world on the basis of the primary need to safeguard human health and plant 
production. A common method is to define a soil limit which triggers site investigation 
(McLaughlin et aI., 1996). The limits used by various countries often relate to the 
standards used by the Dutch which were set in the mid 1980s. The Dutch A level is the 
ultimate target concentration for environmental quality (85 mg Pb kg-I soil). The B 
level (150 mg kg-I) is the limit value - an intermediate environmental quality objective 
to be achieved within a given period to enable the target value to be reached in the 
future. Level C or the intervention value (530 mg kg-I), indicates serious environmental 
pollution by a Pb concentration in excess of the maximum permissible concentration 
(McLaughlin et ai., 1996). 
In New Zealand the guideline level for Pb which is used to indicate the need for further 
investigation of a contaminated site is 300 mg Pb kg-I soil, a value developed by the 
Australian and New Zealand Environment and Conservation Council, and the 
(Australian) National Health and Medical Research Council (ANZECC/ NHMRC, 
1992). This concentration is also used as a limit for the land application of sewage 
sludge (Department of Health, 1992). For comparison, the recommended limits for Pb 
in sewage sludge intended for application to arable land are (Department of Health, 
1992): 
i) a maximum concentration of 600 mg Pb kg-I dry solids; 
ii) a maximum of 15 kg Pb ha- I applied to any site in one year; and, 
iii) a maximum cumulative loading of 125 kg Pb ha- I. 
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The health investigation level guideline for Pb in New Zealand is 100 mg kg- l , which is 
applied in relation to the health risk associated with the ingestion of contaminated soil 
by children (McLaughlin et ai., 1996). A threshold limit value of about 50 mg Pb kg- l 
soil is used for agricultural soils by the United Kingdom's Ministry of Agriculture, 
Fisheries and Food (Oyedele et ai., 1995) and the Swiss (McLaughlin et ai., 1996). This 
concentration is well within the range of typical soil Pb levels quoted earlier. 
New Zealand food regulations stipulate that less than 2 mg Pb kg"! FW is allowed in all 
foods except infant food (0.3 mg kg-! FW) and beverages (0.2 mg kg-! FW) (Stevenson, 
1993). The guideline for Pb in edible vegetables set by the FAOIWHO is 0.3 mg kg- l 
DW, while the acceptable weekly adult intake is 3.0 mg (Oyedele, 1995). The 
Australian NHMRC has recommended maximum permitted concentrations of 2.0 mg 
kg-! FW in vegetables, 1.5 mg kg-! FW for all other foods, and 0.2 mg kg-! FW for 
beverages (McLaughlin et ai., 1996). The English statutory limit for Pb in foodstuffs is 
lower, at 1 mg kg-! FW (Mellor and McCartney, 1994). 
34 
2.7 ASSESSMENT OF SOIL LEAD 
Soil analysis is commonly used for evaluating heavy metal concentrations. Other 
methods of analysis include the use of plant and animal tissue. Single chemical 
extractants can be used as indices of plant available metals in soil. Reagents that have 
been used at various times include 0.1 M HCI, 1 M HN03, 1 M NH40Ac, 0.1 and 0.5 M 
CaCh, 0.05 M BaCh, and EDTA, a synthetic chelating agent (Fergusson, 1990). 
Sequential chemical extraction schemes can be used to study the speciation of heavy 
metals in soils, and as indices of plant availability. A sequential extraction can provide a 
snapshot of metal forms in the soil, and determine the dynamics of changes in metal 
forms with time. The quantity extracted is a function of a number of factors including 
the extractant used, soil pH and the speciation of the Pb (Fergusson, 1990). 
In both methods, a single extractant is usually not specific to a single soil phase or metal 
form (Alloway, 1990). However, a series of extractions in succession, using reagents of 
increasing aggressiveness has been found to more precisely isolate individual metal 
phases. Problems associated with selective analysis include the readsorption and 
precipitation of a metal, and the increased errors brought about by the use of a greater 
number of extraction steps (Shuman, 1991). 
Fractionation studies have found that Pb is commonly associated with FelMnI Al oxides, 
clays and organic matter. Generally, Pb is less commonly present in carbonate or 
exchangeable forms (Fergusson, 1990). While the proportions of Pb species vary 
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considerably between studies a consistent result is that exchangeable Pb is always low, 
< 5% in most cases (Fergusson, 1990). 
The predominant form of Pb in sludge-treated soils studied by Taylor et at. (1995) was 
Pb-c arbon ate. The percentage of water·soluble, exchangeable and organic forms of Pb 
was very low (~ 1 %) regardless of the rate of sludge application. The application of 
sewage sludge reduced the proportion of Pb in the residual fraction from ca. 60% to ca. 
20% and increased the Pb-C03 fraction from ca. 40% to ca. 80%. Total soil Pb 
concentrations ranged from ca. 40 mg kg-I for the control soils to 50 - 80 mg kg-I for 
the sludge-treated soils. 
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2.8 SUMMARY 
Lead has been used for various purposes by humans for thousands of years, and during 
this time widespread Pb contamination of soil has occurred. Typical background 
concentrations of soil Pb range from 10 to 200 mg kg-I, although the natural background 
level in uncontaminated soils is ca. 10 to 30 mg kg"l. 
Lead is slowly soluble and strongly adsorbed to clays and organic matter in soils. These 
characteristics result in the metal being slowly released into the soil solution, thus the 
mobility of Pb is limited in soils containing sufficient adsorption sites. Plants are able 
to take up Pb from the soil solution. Generally greater concentrations of Pb may be 
found in the roots of plants growing in Pb contaminated growth media than in the 
leaves. The translocation of Pb from the roots to the leaves is inhibited by a barrier 
within the plant system. Aerial Pb contamination may be a significant source in some 
situations. 
There are a number of well-recognised and documented sources of anthropogenic Pb 
contamination of soil, however, Pb shot deposition is not included in this group. The 
majority of the international studies regarding soil contamination by Pb shot have 
concentrated on the mineralogy of the decomposition products from the pellets. It has 
been estimated that Pb shot takes hundreds of years to transform into Pb compounds in 
the soil, and that those compounds subsequently have a have life of thousands of years. 
The toxicity of Pb to humans has resulted in various controls and guidelines on the 
allowable or safe concentrations of Pb in soil and foodstuffs. 
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Well-developed techniques are available to study the speciation of Pb in soils. It is clear 
that research is required to quantify the effect of Pb shot in soil in New Zealand and to 
study the uptake of this Pb by plants. These issues will be addressed in this dissertation. 
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3.0 MATERIALS AND METHODS 
The study site is located on the mid-Canterbury Plains in an area mapped as a Waterton 
clay loam soil (Ward et ai., 1964). The field is managed under a mixed cropping regime 
with minimum tillage being practised for approximately the last 20 years. Clay target 
shooting has been carried out at the site by a gun club for approximately 60 years. The 
layout of the site is shown in Fig 3.1. The gun club has three traphouses and one skeet 
setup. During the 1995/96 growing season the paddock within which the study site is 
located was sown in peas. This crop was harvested before soil sampling took place. 
3.1 SOIL SAMPLING 
3.1.1 Spatial Distribution of Pb 
Soil samples were collected from the intersections of a 20 m x 20 m grid marked out a 
the shooting range. The total area sampled measured 300 m x 220 m. At each sampling 
location six soil cores (25 mm diameter, 0 - 75 mm depth) were collected and combined 
to form a composite sample. Samples were air-dried and ground to pass through a 2 
mm stainless steel sieve. EDT A-extractable Pb was determined in the samples. 
3.1.2 Soil Profile Pb 
On the basis of the grid survey, seven locations within the site were identified as having 
lead concentrations ranging from a background level of 10 to 6000 mg Pb kg· l soil. At 
each of these locations, soil profiles were sampled in 20 mm increments to a total depth 
of 200 mm. Samples were not taken below a depth of 160 mm at the 1100 mg kg- l site 
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because the soil was extremely stony. EDTA-extractable Pb was determined in the air-
dried, sieved (2mm) samples. 
3.1.3 Bulk Soil Samples 
Bulk soil samples (0 - 75 mm) were collected from 12 locations within the site 
identified by the grid survey as having lead concentrations ranging from a background 
level of 10 to 8300 mg kg-I. Total lead was determined in the samples. Soils from six 
of the 12 locations were used for the glasshouse experiment and analysis of soil Pb 
fractions. 
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3.2 GLASSHOUSE EXPERIMENT 
A glasshouse experiment was conducted using pots containing 420g of sieved (4 mm) 
field moist soil using the six bulk soil samples collected from locations varying in Pb 
content. Five plant species were sown in the pots in April, with three replicate pots for 
each soil lead concentration. The plant species used were as follows: 
(i) Barley (Hordeum vulgare) 
(iii) Perennial ryegrass (Lolium perenne) 
(v) White clover (Trifolium repens) 
(ii) Lettuce (Latuca sativa) 
(iv) Radish (Raphanus sativus) 
The plants were grown for 120 days, and a nutrient solution was applied to each pot 
after 90 days, to apply nutrients at the following equivalent rates: 
(i) 100 kg N ha-1 (ii) 50 kg P ha-1 
(iii) 120 kg K ha-1 
(v) 13 kg S ha-1 
(iv) 10 kg Mg ha-1 
At harvesting all plants were separated into shoot and root tissue, washed with water, 
rinsed with deionised water, weighed, dried at 60°C and finely ground prior to analysis. 
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3.3 LEAD ANALYSIS 
3.3.1 EDT A-Extractable Soil Pb 
Ten grams of air dried soil were shaken with 50 mL 0.04 M Na2 EDTA (ethylene-
diaminetretraacetic acid, dis odium salt) in a 50 mL polypropylene centrifuge tube on an 
end-over-end shaker for two hours. After centrifuging at 10,000 rpm for 10 minutes the 
supernatant was filtered through Whatman No. 54 filter paper into a 30 mL plastic vial. 
Lead concentrations were determined by flame atomic absorption spectrophotometry. 
3.3.2 Total Soil Pb 
Two grams of air dried soil were weighed into a 100 mL digestion tube and 20 mL of 
deionised water was added, followed by 4 mL conc. nitric acid and 2.5 mL conc. 
perchloric acid. The samples were digested in a heating block at 90°C for two hours. 
Samples were cooled slightly before being filtered through Whatman No. 52 filter paper 
into a 100 mL volumetric flask. The contents of the volumetric flask was allowed to 
reach room temperature before being made up to the mark with deionised water. Lead 
analysis was carried out by flame atomic absorption spectrophotometry. 
3.3.3 Fractionation of Soil Pb 
Exchangeable Pb 
Three grams of air dried soil were shaken with 30 mL O.IM Ca(N03h for 16 hours in a 
50 mL plastic centrifuge tube, then centrifuged at 10,000 rpm for 10 minutes. The 
supernatant was filtered through Whatman No. 54 filter paper and the filtrate analysed 
by flame atomic absorption spectrophotometry. 
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A sequential extraction procedure was used to determine the following three soil 
fractions in the order given: 
Organic Bound Lead (Shuman, 1985) 
Ten grams of air dried soil were weighed into a 100 mL polypropylene centrifuge tube 
and 20 mL of 4.8% sodium hypochlorite (pH 8.5) was added before the tube was placed 
in a water bath at approximately 100°C. After 30 minutes the tube was removed and 
cooled, weighed, then centrifuged at 2,000 rpm for 10 minutes and the supernatant 
filtered through Whatman No. 40 filter paper. The tube was weighed again before a 
further 20 mL 4.8% sodium hypochlorite was added and the extraction repeated. After 
weighing the soil was washed with a small amount of deionised water, centrifuged at 
2,000 rpm for 5 minutes, after which the washings were discarded. Tubes were placed 
in an oven at 60°C for samples to dry before being weighed once more. Soil samples 
were then ground for the next step. Lead concentration in the extracts was determined 
by flame atomic absorption spectrophotometry. 
Oxide Bound Lead (Shuman, 1985) 
A sub-sample of 2g of oven dried soil residue from the organic-bound Pb extraction was 
weighed into a 100mL centrifuged tube and 50 mL acid oxalate ascorbic acid reagent * 
was added before the tube was placed in a boiling water bath for 30 minutes. Samples 
were cooled, weighed, centrifuged at 2,000 rpm for 10 minutes and the supernatant 
filtered using Whatman No. 40 filter paper. 
* acid oxalate ascorbic acid reagent is made up as follows: 
O.lM ascorbic acid (C6Hg0 6) in 0.2 M ammonium oxalate «N14hC20 4) in 0.2 M oxalic acid (H2C20 4), 
pH3. 
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The soil was washed with a small amount of deionised water, then centrifuged at 2,000 
rpm for 10 minutes. The washings were discarded and the samples were oven dried at 
60°C. The dry samples were then weighed and finely ground in preparation for the next 
step. The extracts were analysed using flame atomic absorption spectrophotometry. 
Residual Ph 
A subsample of 0.5 g of oven dried soil from the oxide-bound Pb extraction was 
weighed into a 100 mL digestion tube and 20 mL of deionised water was added, 
followed by 4 mL conc. nitric acid and 2.5 mL concentration. perchloric acid. The 
digestion of samples took place at 90°C for two hours. Samples were cooled slightly 
before being filtered through Whatman No. 52 filter paper into a 100mL volumetric 
flask. The contents of the volumetric flask was allowed to reach room temperature 
before being made up to the mark with deionised water. Analysis was carried out by 
flame atomic absorption spectrophotometry. 
3.3.4 Total Plant Pb 
A sample of 0.5 g of oven dried, ground plant material was weighed into a 100 mL 
digestion tube and 20 mL of deionised water was added, followed by 4 mL conc. nitric 
acid and 2.5 mL concentration. perchloric acid. The digestion of samples took place at 
90°C for two hours. Samples were cooled slightly before being filtered through 
Whatman No. 52 filter paper into a 100 mL volumetric flask. The contents of the 
volumetric flask was allowed to reach room temperature before being made up to the 
mark with deionised water. Analysis was carried out by flame atomic absorption 
spectrophotometry or graphite furnace atomic absorption spectrophotometry. 
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3.4 SOIL pH 
Ten grams of air-dried soil «2 mm) was combined with 20 mL of deionised water in a 
50 mL plastic specimen jar. The suspension was stirred intermittently for 30 minutes 
then left to stand for 1 hour. The pH electrode was immersed in the supernatant. 
3.5 AMOUNT OF Pb SHOT REMOVAL DURING SAMPLE PREPARATION 
The amount of lead removed from the soil during sample preparation with a 2 mm sieve 
was investigated. A bulk soil sample with a concentration of ca. 5000 mg EDT A-
extractable Pb kg- l soil was divided into four subsamples. Two subsamples were sieved 
with a 2 mm sieve and a Imm sieved consecutively, and the other two subsamples were 
sieved with a 4 mm sieve. Lead shot was removed from the residue of each of the more 
finely sieved subsamples, weighed and compared to the weight of the original sample. 
Total lead analyses were carried out on all subsamples for comparison. 
3.6 STATISTICAL ANALYSIS 
Statistical analysis of the data was carried out using Minitab software. 
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4.0 RESULTS 
4.1 SPATIAL DISTRIBUTION OF Pb 
The results from the grid survey showed that a considerable area of soil at the site was 
contaminated with Pb (Fig. 4.1). Concentrations of EDT A-extractable Pb were greatest 
at 70 to 120 m from the shooting area, where they ranged from approximately 4000 to 
8300 mg Pb kg-I soil. Beyond 120 m Pb concentrations fell rapidly to 500 mg kg- I at 
180 m and 100 mg kil at 180 m. Beyond approximately 200 m EDTA-extractable Pb 
concentrations reached background levels of 10 - 20 mg kg-I. Lead concentrations along 
a transect through the most contaminated area (60 m from, and parallel to, the right hand 
fence) are shown in Fig. 4.2. 
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Figure 4.2. Soil EDTA-extractable Pb concentrations on a transect taken through the 
most contaminated area, 60 m from the right hand fence 
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Figure 4.1. Spatial distribution of EDT A-extractable Pb at the gun club site, showing lines 
of iso-concentration; dashed line shows location of transect presented in Fig. 4.2. 
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4.1.1 Comparison of Total and EDT A-extractable Pb 
Table 4.1 shows the concentration of EDT A-extractable Pb and total Pb determined in 
the bulk samples of soil taken from 12 selected locations at the site. At the less 
contaminated locations the concentrations of EDTA-extractable Pb were slightly lower 
than the total Pb concentrations. At the sites containing higher concentrations of Pb, 
this trend was not maintained, and EDT A-extractable Pb values were either higher or 
lower than the total Pb concentrations. (Table 4.1). In general, a high proportion of the 
total Pb was able to be extracted by EDT A (mean of 90% for the contaminated sites). 
The samples that recorded a higher concentration of EDT A-extractable Pb than total Pb 
indicates the analysis was affected by the number of individual Pb pellets contained 
within each soil sample. 
There was no evidence of a trend in soil pH with change in soil Pb concentration (Table 
4.1). 
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Table 4.1. Comparison of total and EDTA-extractable Pb, and soil pH in 12 
soil samples. 
EDT A-extractable Pb Total Pb Proportion of total Pb as Soil pH 
(mg kg-I) (mg kg"I) EDT A-extractable Pb 
(0/0) 
11 23.0 48 6.06 
103 135 76 6.20 
321 330 97 6.35 
813 844 96 6.06 
1092 1376 79 6.18 
1391 1502 93 6.58 
2174 4404 54 6.46 
3221 4052 79 6.24 
4204 3987 105 6.20 
4949 6724 74 6.74 . 
5998 5914 101 6.23 
8303 6174 134 6.49 
50 
o 
2 
-- 4 ~ 6 
o 2 4 6 8 10 12 14 
EDT A-Pb concenlrativn(mg/kg) 
o 200 400 600 800 0 5(x) 1000 1500 
o 0 _-L ____ L .... ___ . __ ... _._j 
2 2~~1"., i 
4 4j~~ 6 6 
8 8 
10 10 
12 12 
14 14+...;,o.;,:.;~ 
16 J611~~~~~~ 
~ 8 
a lO~illllr .g 12 o 14 
'J) 16 
18 
20 
18 18 -20 10 -+-~.:.:..L.-,--____ .........j 
(a) 10 mg/kg (b) 100 mglkg (c) 300 mg/kg 
0 
1 
E 
4 
6 
~ 8 
..c 
a. 10 
0 
""0 12· 
~ 14 
16 
18 
20 
0 
o 
EDTA-Pb concentmtion (mg/kg) 
500 1000 1500 
(tI) 800 mg/kg 
o 1000 2000 
o --t:z;~~---'--I 
2 -li4~~~ 
~jI~~~ 
8 
10 
12 
14 
16 
18 
20 -+----,---------' 
(e) 1100 mglkg 
EDTA-Pb concentration (mg/kg) 
3000 6000 9000 
(n 5000 rng/kg 
o 2000 4000 6000 8000 
o 
1. 
4 6~~¥~~ 
l~illi~~~ 
12.....j;i;~~~~~ 
14~~~~~~ 
16~~~~~ 
18 ~~~::W 
20 --l--=-..,,-----,r---...,...--l 
{gl 6000 mglkg 
Fig 4.3. EDT A-extractable Pb in the soil profile 
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4.2 SOIL PROFILE Pb 
The concentration of EDT A-extractable Pb in the soil profile at the background site 
showed a slight reduction with depth to 200 mm, as shown in Fig. 4.3. The sample sites 
containing topsoil EDT A-extractable Pb concentrations of 100 to 4200 mg kg- l 
contained a relatively uniform concentration of Pb with depth, although the samples 
from the 100, 300 and 1100 mg kg-! sites were characterised by a number of peaks in the 
Pb concentration at various depths. The most highly contaminated site showed a 
reduction in Pb concentration with depth. 
4.3 FRACTIONATION OF SOIL Pb 
The data from the fractionation analysis are presented in Table 4.2, and each Pb fraction 
is represented as a proportion of the total soil Pb in Fig 4.4. The sample from the 
background site (10 mg kg-! ) is dominated by Pb in the residual form (83.5%). The 
proportions of Pb associated with the exchangeable (6.0%) and oxide (7.7%) forms are 
similar to each other, while the smallest amount of Pb is bound to organic matter 
(2.8%). 
Table 4.2. Lead associated with extractable forms in soil at the gun club site 
Nominal Exchangeable Organic Oxide Residual Total Total by 
Soil Pb a (sum) digestion 
(mg kg· l ) (mg Pb kg· l soil) 
10 3.4 1.6 4.4 47.3 56.6 23.0 
100 3.6 3.5 15.3 132.7 155.1 134.5 
800 4.9 8.4 32.8 301.6 347.7 843.8 
1400 9.3 34.3 101.9 895.6 1041.1 1502.2 
4200 64.9 631.9 473.4 2940.0 4110.3 3986.8 
6000 32.4 605.8 758.6 4475.1 5872.0 5914.3 
a EDTA-extractable Pb 
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As the level of soil contamination with Pb shot increased there was a corresponding 
increase in the concentration of Pb in all fractions determined. At the sites with elevated 
Pb concentrations, the highest proportion of Pb was consistently detected in the residual 
fraction (71.5 - 86.0%), while the amount of exchangeable Pb was low (0.6 - 2.3%). At 
the low to moderately contaminated sites the proportion of Pb associated with oxides is 
considerably greater than that associated with organic matter. This trend is not 
maintained at the highly contaminated sites, where the organic fraction is substantially 
increased with a corresponding reduction in the proportion of Pb in the residual fraction. 
The result of this is that the oxide and organic fractions are of similar size. 
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Figure 4.4. Extractable forms of Pb in soil at the gun club site. 
The sum of Pb in the four soil fractions extracted sequentially can be considered as the 
total amount of Pb in the soil. These values ranged from 56.6 mg kg-1 to 5872.0 mg 
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kg-I. The values for total Pb determined by single acid digestion were similar to the sum 
of the fractionation data, with the exception of the 800 mg kg-I sample (Table 4.2). The 
digestion method for total Pb determination produced values of total Pb ranging form 
23.0 to 5914.3 mg kg-I. 
4.4 ESTIMATE OF Pb SHOT REMOVAL BY SAMPLE PREPARATION 
Sieving of soil samples through a 2 mm sieve during sample preparation for chemical 
analysis was shown to remove approximately 72% of the total Pb in a sample (Table 
4.3). This Pb could be clearly identified as Pb pellets on the sieve. A much smaller 
amount of Pb was removed after sieving the sample through a 1 mm sieve (Table 4.3). 
Table 4.3. Removal of Pb in soil by 2 mm sieve. 
Sieved Unsieved 
sample sample 
Weight of sample (g) 1,435.2 1,539.7 
Weight of Pb removed >2 mm (g) 64.0 0.0 
Weight ofPb removed 1< x < 2 mm (g) 2.3 0.0 
Concentration of Pb a remaining (mg kg-I) 5,983 21,812 
a EDTA-extractable Pb 
Many Pb pellets present on the soil surface at the site and on the sieve during sample 
preparation were visibly corroded. Some of the Pb shot was a dull metallic grey colour, 
while other, obviously more corroded shot was covered to varying degrees in yellow-
brown and white material (Plate 4.1). Some Pb pellets were chipped or divided in half; 
these exposed surfaces appeared to be more prone to corrosion than the remainder of the 
original spherical surface. 
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• 
Plate 4.1. Comparison of new Pb shot (left) and Pb shot corroded due to contact with 
air and soil (right) (photo: D. Hollander). 
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4.5 GLASSHOUSE EXPERIMENT 
4.5.1 Plant Yield 
Dry matter yields of leaf and root material for the different plant species are shown in 
Table 4.4. The effect of soil Pb concentration on plant yield was statistically significant 
(see Table 4.5). 
Table 4.5. Analysis of variance between soil Pb and plant yield. 
a. Plant leaves 
Source of variance 
Plant species 
Pb concentration 
Plant species x Pb conc. 
Error 
Total 
b. Plant roots 
Source of variance 
Plant species 
Pb concentration 
Degrees of 
freedom 
4 
5 
20 
58 
87 
Degrees of 
freedom 
4 
5 
Sum of 
squares 
71.3 
11.2 
26.6 
26.3 
135.4 
Sum of 
squares 
6.7 
0.6 
Mean F 
Square 
17.8 39.25 
2.2 4.94 
1.3 2.93 
0.5 
Mean F 
Square 
1.7 77.1 
0.1 5.9 
p 
0.000 
0.001 
0.001 
p 
0.000 
0.000 
Plant species x Pb conc. 20 2.4 0.1 5.5 0.000 
Error 58 1.3 0.02 
Total 87 11.0 
Following the application of the nutrient solution after 90 days of growth, the clover 
plants showed a substantial increase in growth rate. Within weeks of nutrient solution 
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Table 4.4. Mean dry weight yield of shoots and roots of plant species grown in soils of various EDTA-Pb concentrations (g). 
Nominal Soil Pb a Radish Clover Ryegrass Barley Lettuce 
(mg kg-I) Shoots Roots Shoots Roots Shoots Roots Shoots Roots Shoots Roots 
10 1.89 0.59 0.81 0.26 3.65 1.08 3.56 0.65 3.68 0.61 
100 1.60 0.75 0.74 0.22 2.80 0.96 2.50 0.49 1.79 0.36 
800 2.29 1.41 0.82 0.32 3.39 0.97 3.68 0.79 4.61 0.63 
1400 2.33 0.86 0.85 0.22 2.43 0.72 3.87 0.78 4.19 0.61 
4200 2.94 1.43 1.17 0.29 2.32 0.56 2.87 0.71 1.67 0.31 
6000 3.31 1.10 0.46 0.13 2.67 0.74 3.50 0.66 2.36 0.28 
a EDTA-extractable Pb 
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application the clover plants approximately doubled in size through the production of 
new shoots and the lengthening of existing shoots. There was no obvious response to 
the nutrient solution from the other plant species used in the glasshouse experiment. 
Table 4.4 shows the nominal EDT A-extractable Pb values for the bulk soil samples. 
The actual values determined for the individual pots at the end of the glasshouse 
experiment (shown in Table 4.6) were very similar to the assumed soil Pb 
concentration. 
Table 4.6. Mean EDT A-extractable Pb concentration of soils at the end of the 
glasshouse experiment. 
Nominal Actual Soil Pb a 
Soil Pb a (mg kg-I) 
(mg kg-I) Radish Clover Ryegrass Barley Lettuce 
10 15 11 14 12 12 
100 121 105 126 100 108 
800 946 840 845 838 808 
1400 1565 1442 1550 1629 1659 
4200 4096 3700 4174 3763 4209 
6000 6101 5872 7077 5988 6571 
a EDT A-extractable Pb 
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4.5.2 Plant Pb concentration 
The Pb concentration in the leaves and roots of the five plant species studied is 
presented in Figs. 4.5 to 4.9. Significantly elevated Pb levels were detected in both 
leaves and roots of all plant species grown. The Pb concentrations in the roots of the 
plants were consistently higher than in the leaves, with the difference being 
approximately an order of magnitude. In the control plants, the mean concentration of 
Pb in leaves was 3.7 mg kg-I (dry weight) and 13.4 mg kg-I (dry weight) in roots. 
The correlation between soil Pb concentrations and plant root Pb concentrations was 
generally linear, with the exception of clover roots. A curvilinear response was 
observed in the clover roots and the leaves of all plant species apart from lettuce. 
There is considerable errors associated with the Pb concentrations of the lettuce 
leaves which makes it difficult to characterise the observed data into one of the above 
categories. 
While the general trend was an increasing plant Pb content with increasing soil Pb 
concentration, there was considerable variation in the concentration of Pb between 
species. The order of maximum concentration of Pb in the leaves of the plants 
studied was found to be: clover> radish> ryegrass > barley> lettuce. However, the 
order of maximum concentration of Pb in the roots followed the order: radish > 
clover > barley > lettuce > ryegrass. There was considerable variation in the 
concentration of Pb present in the roots required to produce a certain concentration in 
the leaves of the plant species grown. For example, barley had a maximum 
concentration of Pb in the roots of ca. 2000 mg kg-I (DW) accompanied by a 
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maximum concentration of Pb in the leaves of ca. 50 mg kg-I (DW); in contrast, a 
similar maximum Pb concentration of in lettuce roots produced a lower maximum 
concentration of Pb in the leaves of ca. 15 mg kg-I (DW). 
4.5.3 Plant uptake of Pb 
The results of the glasshouse experiment are expressed in terms of mean Pb uptake 
per pot in Table 4.7. The plant uptake of Pb in all plant species grown increased as 
the soil Pb concentration increased. There was considerable variation in the uptake 
of Pb between species, with the order of maximum uptake of Pb by plant roots being: 
Radish> Barley> Ryegrass > Lettuce> Clover. 
4.5.4 Soil pH 
The pH of the soil from each of the pots used in the glasshouse experiment, as 
measured at the end of the trial, are presented in Table 4.8. The soil pH in the pots 
was lower than the soil pH of the 12 samples used for total Pb analysis. No trend in 
soil pH values was evident with change in soil Pb concentration. 
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Table 4.7 Mean uptake in shoots and roots of plant species grown in soils of various EDT A-Pb concentrations (Jlg per pot) 
Soil Pb a Radish Clover Ryegrass Barley Lettuce 
(mg kg-I) Shoots Roots Shoots Roots Shoots Roots Shoots Roots Shoots Roots 
10 4.6 8.4 3.9 1.2 16.2 3.5 3.7 3.0 3.8 21.7 
100 12.0 38.1 6.8 30.5 7.9 5.9 6.8 8.2 6.5 25.2 
800 6.3 744.5 11.0 89.1 10.9 82.9 12.8 108.3 16.0 175.2 
1400 20.1 480.8 12.6 72.9 26.4 304.3 15.3 215.2 9.1 152.0 
4200 127.1 3814.9 134.9 760.6 53.7 405.6 49.4 962.4 8.6 417.4 
6000 52.4 4144.8 94.2 281.5 46.0 975.2 37.9 1381.9 12.0 521.3 
a EDT A-extractable Pb 
Table 4.8. pH of each pot of soil used in the glasshouse experiment. 
Soil Pb b Radish Clover Ryegrass Barley Lettuce 
(mg kg-I) Pot 1 Pot 2 Pot 3 Pot 1 Pot 2 Pot 3 Pot 1 Pot 2 Pot 3 Pot 1 Pot 2 Pot 3 Pot 1 Pot 2 Pot 3 
10 5.51 5.40 5.72 5.24 5.45 5.44 5.83 5.74 5.64 6.08 5.84 5.90 5.84 5.67 5.88 
100 5.29 5.50 5.43 5.64 5.38 5.32 5.81 5.48 5.69 5.70 6.25 6.00 5.59 5.65 
800 5.52 5.59 5.74 5.38 5.32 5.24 5.68 5.47 5.36 6.06 5.96 6.15 5.85 5.93 5.72 
1400 5.38 5.67 8.88 5.61 5.64 6.03 5.44 5.76 5.69 6.32 6.33 6.03 5.87 6.21 
4200 5.19 5.48 5.40 5.20 4.91 4.78 5.53 5.79 5.36 5.20 5.87 5.45 5.25 5.62 5.76 
6000 5.36 5.29 5.40 5.50 5.33 5.76 5.91 5.61 5.68 5.56 5.72 6.06 5.66 5.81 5.42 
b EDTA-extractable Pb 
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5.0 DISCUSSION 
5.1 SPATIAL DISTRIBUTION OF Pb 
Soil Pb concentrations present at the study site are considerably higher than the 
ANZECCINHMRC guideline level for further site investigation of 300 mg kg-I. 
Approximately 30% of the area sampled, or 2.2 ha, exceeds this guideline. The EDT A-
extractable soil Pb levels measured are comparable to similar overseas studies, where 
maximum soil Pb concentrations have been reported as reaching thousands of mg kg-I. 
The pattern of Pb concentration along a transect through the shooting area is similar to 
that observed by Mellor and McCartney (1994). In the present study the peak Pb 
concentrations were found at a distance of 110 to 160 m from the traphouses (ca. 40 m 
from the gun club fence), while the peak Pb concentrations at the study site of Mellor 
and McCartney (1994) occurred 80 to 140 m from the shooting area. The transect in 
both studies shows a rapid decline in soil Pb levels with distance from the area of 
maximum concentration. Background concentrations ranging from 4 to 20 mg EDTA-
extractable Pb kg- I soil were achieved approximately 240 m from the trap houses. 
The spatial distribution of soil Pb concentration at the site reflects the direction of flight 
of clay targets used for both trap and skeet disciplines, and the relative popularity of trap 
and skeet shooting at the club. Targets launched from the three traphouses during 
'down the line' shooting is the likely cause of the elliptical area of maximum Pb 
concentrations directly in front of the gun club. The two small areas of elevated Pb 
concentration to the left of the gun club are likely to relate to the flight paths of clay 
targets launched for skeet shooting. The concentration of Pb in these areas is much less 
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than the Pb concentrations produced by trap shooting, and this may relate to the 
discipline being less popular than trap shooting. 
The pattern of distribution of Pb concentration suggests that the elevated Pb 
concentrations may continue onto the neighbouring property to the right of the gun club, 
in a pattern of distribution of soil Pb that is symmetrical with that to the left of the gun 
club. If this is the case, the neighbouring property may also have elevated soil Pb 
concentrations with a maximum of approximately 4,000 to 5,000 mg EDTA-extractable 
Pb kg-I soil. This may have serious implications, as at the time of sampling the 
neighbouring property was grazed by cattle and horses. 
Grazing animals are known to ingest a significant quantity of soil (Sheppard et at., 
1995). In addition to lead in the soil, the poisonous metal is likely to be ingested on a 
site such as that studied via Pb-contaminated vegetation and the direct ingestion of Pb 
shot that has accumulated on the soil surface. This direct ingestion of Pb shot may be 
the most significant cause of elevated Pb levels in grazing animals because the Pb shot 
may remain in the rumen due to it's high density instead of moving through the animals 
digestive system. The dissolution of Pb over time in the acid conditions of the rumen 
could cause cumulative Pb toxicity in affected animals. The study carried out by Rice et 
al. (1987) which investigated chronic Pb poisoning in steers eating silage contaminated 
whit Pb shot implies that the poisoning was due to the ingestion of Pb shot, while the 
ingestion of silage made from Pb-contaminated vegetation had comparatively little 
effect. 
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Because the distribution of soil Pb concentrations can be related to the flight paths of the 
clay targets, this study may be useful in estimating the extent and distribution of Pb 
contamination at other gun clubs. However, care may need to be taken with respect to 
the behaviour of Pb in different soil types to the clay loam soil present at this study site. 
The above data relates to soil samples which have been sieved «2 mm) and extracted 
with the chelating agent EDT A. An important point to note at this stage is the 
possibility of substantial under-estimation of soil Pb levels due to the removal of Pb 
shot by the 2 mm sieve used during sample preparation. Comparison of sieved and 
unsieved samples (Table 4.3) shows that the reduction in the concentration of EDTA-
extractable Pb as a result of sieving is likely to exceed 70%. This means that the 
maximum concentration at the study site may be in excess of 30,000 mg kg-I. This is 
not an unrealistic concentration when compared to previous studies of EDTA-
extractable Pb in soil, such as Manninen and Tanskanen (1993), who measured an 
average concentration of 27,000 mg EDT A-extractable Pb kg-I soil. 
Tests in the laboratory indicate that EDT A dissolves a substantial amount of metallic Pb 
shot. However, total soil Pb concentrations were generally slightly higher than EDT A-
extractable values (Table 4.1). For this reason, the actual soil Pb concentrations at the 
study site may be further underestimated. 
The EDT A-extractable Pb concentration at the control site was approximately 48% of 
the total soil Pb. At the remaining sites, where elevated soil Pb concentrations occurred, 
77 to 134% of the total soil Pb was measured as EDTA-extractable Pb (mean 90%). 
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These results are similar (and the mean is identical) to those reported by Mannenin and 
Tanskanen (1993), who measured 90% of the total soil Pb as being in an EDTA-
extractable form. Such a large proportion of total Pb present as EDT A-extractable Pb is 
to be expected in this study as EDT A extracts metal associated with carbonates, and the 
dominant transformation products of Pb shot have been identified by several studies (for 
example, Stogaard Jorgensen and Willems, 1987) to be Pb-carbonates. 
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5.2 SOIL PROFILE Pb 
Lead in the soil profile at the background site shows a general reduction in Pb with 
depth to 200 mm, which is consistent with the reviewed literature. The Pb concentration 
at a depth of 180 - 200 mm is approximately 70% of the Pb concentration in the top 20 
mm of the profile. 
The relatively uniform concentration of Pb in the soil profile at most of the sites reflects 
the management regime of the site. During approximately 40 years of shooting activity 
the site was ploughed regularly, which has resulted in the present distribution of Pb shot 
and subsequent transformation products throughout the plough-layer. Some 
accumulation of Pb shot at the soil surface may have been facilitated by 20 years of 
minimum tillage as a result of the present direct drilling regime. However, the soil 
surface is still disturbed during direct drilling as the tines move through the soil, hence 
some Pb shot is allowed to pass into the soil profile. The uniformity of the Pb 
concentration in the profile is less likely to be due to the leaching of Pb from the soil 
surface because of the low solubility and mobility of the Pb transformation products, 
and the strong adsorption characteristics of the clay loam soil at the site. 
The likely cause of the occasional peaks evident at the 100, 300 and 1100 mg kg- l sites 
is the variation in the number of individual Pb pellets less than 2 mm in diameter 
contained in each 10 g soil sample used for analysis. lfthe high-concentration peaks are 
omitted from these sites, the general trend of Pb concentration is also relatively uniform. 
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The uniformity of Pb concentration with depth indicates that the supply of Pb to plants 
is similar throughout a substantial amount of a crop's rooting depth. 
A considerable proportion of the soil microbial population is active in the top 200 mm 
of the soil profile. The effect of the Pb contamination throughout this depth may cause 
significant reduction in the level of microbial activity in the soil. It was noted during the 
collection of the soil profile samples, that the number of earthworms in the profile 
reduced as the soil Pb concentration increased. No earthworms were seen at the most 
highly contaminated site. This observation is a possible indication of the adverse effects 
of Pb in the profile on soil faunal populations. The inhibition of the microbial 
decomposition of organic matter by the presence of Pb in the profile may cause a long-
term reduction in the generation of CO2• This in tum may produce less Pb-carbonate 
transformation compounds, accompanied by a corresponding increase in the proportion 
of Pb as more soluble Pb-oxide forms, resulting in an increase in the potential for Pb 
leaching. 
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5.3 FRACTIONATION OF SOIL Pb 
The proportion of Pb in exchangeable forms in soil from the site with background Pb 
concentration (6%) is comparable to most Pb fractionation studies, which generally find 
about 5% or less Pb in exchangeable forms. The largest proportion of native Pb occurs 
in the residual form (as primary and secondary minerals - silicate minerals, resistant 
sulphides and refractory organic materials). While the proportions of Pb associated 
with the various fractions are similar at all the sample sites, it must be noted that the 
concentration of Pb in each fraction increases as the total soil Pb concentration 
increases. For example, while 3.4 mg Pb kg- l soil is in an exchangeable form at the 
control site, the same fraction contains 64.9 mg kg- l at the site containing 4,200 mg kg- l 
of EDT A-extractable Pb. 
The Pb in the residual fraction at sites with elevated Pb concentrations is probably not 
present in the same form as that in the residual fraction of the 'control' sample. In the 
contaminated sites, the residual Pb represents the Pb present as individual Pb pellets and 
is an indication of the amount of Pb (slowly) available for transformation into Pb 
compounds in the soil that may, in time, become available for plant uptake. The 
fractionation study shows that only about 20 to 30% of the total soil Pb is in the form of 
transformation products (exchangeable + organic + oxide fractions), therefore 70% of 
the lead present in the soil has yet to oxidise and become potentially available for plant 
uptake. However, the actual amount of Pb present in the residual form is greater than 
the fractionation data suggests because the analysis was carried out using soil samples 
<2 mm, from which a large proportion of the metallic Pb had been removed. 
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There is a notable change in the distribution of Pb between the soil fractions in the two 
most highly contaminated sites. The proportion of organic-bound Pb is increased 
compared to the less contaminated sites, and there is a corresponding reduction in the 
proportion of residual Pb. This is most likely due to the low rate of soil organic matter 
decomposition induced by the high Pb concentrations, therefore providing a 
proportionally greater number of binding sites for the adsorption of Pb. 
Overall, there is satisfactory agreement between the total soil Pb values and the sum of 
the amounts of Pb extracted in the individual fractions (Table 4.2). The background site 
containing 10 mg EDTA-extractable Pb kg-I soil, contained a total Pb concentration of 
23.0 mg kg-I by digestion while the corresponding sum of fractions equalled 56.6 mg 
kg-I. This discrepancy may, in part, be caused by rounding errors during the summation 
of the fractions. Also, varying numbers of individual Pb pellets «2 mm) were likely to 
be contained in the soil samples that were analysed. This phenomenon is clearly 
illustrated at the site containing 800 mg EDTA-extractable Pb kg-I. The total Pb 
concentration as determined by the digestion method was 843.8 mg kg-I, while the sum 
of individual fractions was only 347.7 mg kg-I. 
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5.4 GLASSHOUSE EXPERIMENT 
The results of the glasshouse experiment confirm that there is a relationship between 
soil Pb concentrations at the gun club site and plants grown on these soils. The general 
trend in the plant roots was an increase in root Pb concentration with increasing soil Pb. 
The concentration of Pb in plant leaves was slightly different, in that there was an 
increase in leaf Pb concentration up to a soil Pb concentration of 4,200 mg kg-I, 
followed by a decrease in leaf Pb at a concentration of 6,000 mg kg-I. This may be due 
to a defence mechanism in the plants that is triggered once a critical concentration of Pb 
is reached, or possibly due to disturbances in water assimilation reported by Gaweda and 
Capecka (1995). 
Consistently higher concentrations of lead in the roots of all species (maximum Pb 
concentration ca. 1500 - 4000 mg kg-I) in comparison with the shoots (maximum Pb 
concentration ca. 15 - 120 mg kg-I) is comparable to the findings of other studies. The 
implications of using this contaminated site for growing a root crop are likely to be 
serious, whether intended as animal fodder or for human consumption, as the resulting 
Pb concentration in the plant roots may be hundreds, or even thousands of times greater 
than the allowable limit for consumption. 
It is interesting to note the relative rate of translocation from roots to leaves varies 
between plant species (Table 5.1), as it illustrates the variations in plant physiology that 
enable some species to reduce the translocation of Pb from the roots more than other 
species. 
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Table 5.1. Approximate concentration factors (leafPb divided by root Pb) for Pb in the 
plant species studied 
Concentration 
factor 
Radish 
0.032 
Clover 
0.050 
Ryegrass Barley Lettuce 
0.028 0.023 0.005 
With the exception of lettuce, the proportions of Pb translocated in this study are in 
agreement with other published results (ca. 3 - 23%). The translocation of Pb in lettuce 
was considerably lower than that of the other species. This result differs from previous 
data of Pb uptake by lettuce which implies that the concentration of Pb in lettuce leaves 
is relatively high compared to other plants (Kabata-Pendias and Pendias, 1992). 
However, being a leafy plant with considerable leaf surface area, the commonly high 
concentration of Pb in lettuce may be due to a relatively high proportion of the Pb being 
deposited on the leaves from the air. The deposition of Pb on the leaves of lettuce 
during the present study is likely to have been low, hence the low concentration of Pb in 
the leaves. 
The replication of the glasshouse experiment was not good, with a large standard 
deviation in the majority of analyses carried out (see Appendix, A4). The root samples 
were likely to have been contaminated due to insufficient washing to remove all soil 
from the roots. Even a small degree of contamination could cause the variation 
observed in this study. Possible sources of the variation in leaf-Pb concentrations are 
the inclusion of plant material from the base of the stem that was more suited to 
inclusion in the root sample, and analytical errors. 
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The obvious response of the clover plants in the glasshouse experiment to the 
application of the nutrient solution suggests that the activity of Nz fixing bacteria in root 
nodules was inhibited by elevated soil Pb concentrations. 
The pH of the soil used in the glasshouse experiment, as determined at the end of the 
trial (Table 4.8) was lower than the soil pH determined in the 12 samples used for total 
soil Pb analysis. This phenomenon is not uncommon during pot trials. 
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5.5 REMEDIATION AND PREVENTION OPTIONS 
Possible solutions to the Pb contamination at the study site and other similarly 
contaminated sites are likely to be restricted by financial aspects. Solutions to Pb 
contamination at a gun club sites suggested by Mellor and McCartney (1994) include: 
(i) Periodic removal of lead shot by surface scraping and sieving of affected topsoil; 
(ii) Covering the most affected area of land with a non-biodegradable geotextile from 
which the products of shooting can be easily removed; 
(iii) Avoid growing crops in which lead uptake is concentrated in edible parts of the 
plant. 
The seemingly simple solution of removing the contaminated topsoil from the site is 
expensive because of the large area of soil requiring removal (about 4 to 5 ha). Further 
problems may be created when the waste is relocated to an alternative site. 
In some overseas countries Pb shot is removed from the soil surface using purpose-
designed machinery. This expensive option may be viable for gun clubs with large 
memberships and therefore considerable funds. However, the application of similar 
technology in New Zealand is unrealistic as many gun clubs in this country, including 
the club using the study site, have small memberships of a few dozen enthusiasts. Gun 
clubs supporting shooters in major cities in New Zealand are likely to have a few 
hundred members. 
In some cases it may be economical to mine the Pb in the soil, however this generally 
occurs once at least 10% of the soil volume is present as Pb (Smith et ai., 1995). 
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Following 60 years of shooting activity, the soil of the study site contains between 0.8 
and 3% Pb. It is estimated that at least a similar amount of time would be required for 
the accumulation of Pb to a level that would be considered economical to mine. 
As there are few or no remediation options that are economically or environmentally 
viable for New Zealand gun clubs, especially those with small memberships, the 
possibility of the prevention of further contamination is of greater importance. 
Covering the soil surface in the area in which the Pb shot lands is an option that 
warrants further investigation. For example, the Wool Research Organisation of New 
Zealand (WRONZ) has developed wool 'Agrimats' which can be made to consumer 
specifications (G. Worth, pers. comm.). Such a product may be able to intercept Pb shot 
for regular collection, and possibly recycling. It is possible that a wool product would 
absorb any transformation products formed before the Pb shot is removed, so that Pb is 
not transferred to the soil. 
Alternative materials to Pb shot have been developed including steel and tungsten shot. 
Steel shot is not suited to all shotguns as the extreme hardness makes it potentially 
damaging to gun barrels and chokes (Scott, 1990). The ballistics of steel shot also differ 
significantly from Pb shot, for example, the specific gravity of Pb is 11, while that of 
steel is 7, which results in a reduction in the momentum of the shot in flight (Scott, 
1990). Steel shot is more expensive than Pb shot, and is not widely available in New 
Zealand. Tungsten has more similarities to Pb than does steel, for example it shares the 
same specific gravity once it is blended with special polymers and can also be made 
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hard or soft as required so that barrel wear isn't a problem (Scott, 1990). The drawback 
to the use of tungsten polymer shot is the price, as raw tungsten is approximately 20 
times more expensive than Pb. Furthermore, the build up of tungsten in soils also 
causes toxicity problems in plants where it competes for sites with essential metabolites 
(Mellor and McCartney, 1994). 
A more realistic management technique in this individual situation is likely to be long-
term use as a forestry block. This would enable an income to be made from the land, 
and form a barrier to Pb from the site entering the food chain. 
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6.0 CONCLUSIONS 
This study confirmed that soil contamination by Pb shot at shooting ranges is a potential 
problem in New Zealand. Lead accumulation at the site has resulted in concentrations 
of Pb in the soil and plants that are well above guideline levels for environmental and 
human health (ANZECCINHMRC, 1992). The soil Pb concentrations present at the 
study site are comparable to concentrations in soils at various international shooting 
ranges. Furthermore, the soil contamination caused by Pb shot is similar to, or greater 
than soil Pb concentrations caused by well known sources of Pb such as mining and 
smelting activities, motor vehicle emissions, Pb-based paint, and the land application of 
sewage sludge. 
It is likely that the results of this study, especially the spatial distribution of Pb at the 
site, can be used to determine the possible concentrations of soil Pb at other gun club 
sites because the Pb distribution is consistent with the general shooting patterns at the 
site. However, attention may need to be given to the frequency and intensity of use of a 
site and the relative popularity of trap and skeet disciplines. The club shooting at the 
study site has a small membership which favours trap shooting, hence the most highly 
contaminated soil is directly in frontof the trap houses. 
Agricultural use of the land is clearly inhibited by the elevated concentrations of soil Pb. 
A loss of production is implied by the considerable plant uptake of Pb observed in this 
study, due to: 
(i) the inability to produce a crop of the required quality in terms of allowable Pb 
concentration; and 
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(ii) the reduction in yield reported to be due to elevated soil Pb concentrations (for 
example, Kabata-Pendias and Pendias, 1992; Mellor and McCartney, 1994). 
The soil at the study site is particularly well suited to high production levels, however, 
the property owner has been forced to consider alternative and less economically 
productive land uses. 
Shooting activity at the site has resulted in grossly elevated soil Pb concentrations. 
Calculations of the total amount of Pb that is present at the study site (to a depth of 200 
mm) reveal that there is at least 15.3 tonnes of Pb has fallen on the 6.6 ha site (see 
Appendix, A5). When the removal of Pb shot by a 2 mm sieve is taken into account the 
weight of Pb becomes ca. 61.4 tonnes. These weights equate to approximately 510,000 
and 2,045,000 cartridges respectively. Thus, shooting ranges have the potential to cause 
high Pb concentrations in a confined area. The soil samples analysed contained ca. 30% 
of the total Pb present due to the removal of 70% of the Pb as Pb shot >2 mm. The soil 
fractionation study shows that 70% of the Pb remaining in the analysed samples was 
present as Pb metal, that is, in the form of intact Pb shot. Therefore, approximately 90% 
of the total Pb at the site is present as Pb shot, while only ca. 10% of the Pb is present as 
transformation products or soil-Pb compounds. 
Substantial under-estimation of the Pb concentration of soils contaminated by Pb shot 
can occur due to the removal Pb shot while sieving soil samples with sieves ~ 2 mm. 
The results of the soil analysis were also affected by the number of individual Pb pellets 
contained within each soil sample. 
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The apparent reduction in the occurrence of earthwonns at the more highly 
contaminated site indicates that the effect of elevated soil Pb concentrations on soil 
faunal populations requires further investigation. Other topics that require further 
research include the potential for leaching in soils of varying texture and acidity, and the 
application of remediation and/or prevention options in the New Zealand situation. 
FOOTNOTE 
After notification by the property owner of the Pb contamination present at the gun club 
site studied in this dissertation, the Canterbury Regional Council has begun a survey of 
sites in Canterbury that are, or have been used for shooting activities. The infonnation 
gathered during the survey is expected to be presented in a report by mid-1997. 
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APPENDIX 
Al GRID SURVEY RESULTS 
Distance from gun 
club fence (m) 
300 
280 
260 
240 
220 
200 
180 
160 
140 
120 
100 
80 
60 
40 
20 
o 
-20 
-40 
-60 
Distance along gun 
club fence (m) 
NS NS 
6 6 
6 5 
7 5 
6 5 
5 5 
6 5 
4 5 
4 6 
6 6 
6 6 
6 9 
8 70 
12 20 
22 49 
20 65 
41 164 
18 46 
8 \3 
220 200 
Concentration of EDTA-extraClable Pb at gun club sile Crng Pblkg dry som 
Each value corresponds 10 the poiD! al the bottom righl of each sQuare NS = nol sampled 
6 33 14 9 12 25 12 9 26 
5 \0 20 13 1 8 9 21 12 
5 8 15 7 14 14 I I 9 
6 I; 10 \0 12 9 18 13 I 
6 8 \0 14 9 12 13 14 16 
5 8 14 14 13 27 34 76 I 
5 \0 18 18 20 23 53 58 14 
6 I 37 52 43 76 142 213 17 
7 29 148 305 456 668 887 734 552 
9 17 1043 1005 116 53% 2631 1687 2721 
I 607 1545 2463 3746 6396 5486 6534 6021 
16 976 2279 2174 4002 5755 8303 4859 5453 
24 805 2489 2339 3221 3351 3849 3474 2436 
44 446 861 \087 1845 1422 2825 1533 1478 
96 317 361 414 556 1408 953 845 632 
90 203 219 163 211 6\0 482 227 245 
212 716 215 101 
165 291 15 84 
GUN CLUB 
147 20 33 22 
180 160 140 120 100 80 60 40 20 
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16 
16 
9 
I 
16 
34 
22 
108 
467 
2427 
4949 
3587 
1820 
1201 
280 
133 
0 
A2 SOIL PROFILE Pb 
Depth in profile Approximate EDTA-extraetable lead in 0 - 7.5 em layer (mg kg-i) 
(em) 10 100 300 800 1100 5000 6000 
0-2 13 90 288 857 1039 5133 6081 
2-4 12 195 377 954 1145 6067 6722 
4-6 11 124 523 795 1685 6635 7280 
6-8 11 106 571 793 1197 8496 5461 
8 - 10 12 158 1061 824 1176 6668 6970 
10 - 12 11 261 429 740 2097 7242 5559 
12 - 14 10 357 181 862 1669 7852 6083 
14 - 16 10 137 480 579 1000 5924 5640 
16 - 18 9 167 355 955 NS 8256 3575 
18 - 20 9 93 459 1166 NS 7006 1276 
* NS = not sampled 
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A3 FRACTIONATION OF SOIL Pb 
Concentration of Pb in soil fractions (mg kg-I), figures in parentheses are fraction as 
proportion of sum of fractions. 
Soil EDTA-Pb Exchangeable Oxide Organic Residual Total Total 
concentration (sum of (digestion) 
(mg kg-I) fractions) 
11 3.4 4.4 1.6 47.3 56.6 23.0 
(6.0) (7.7) (2.8) (83.5) 
103 3.6 15.3 3.5 132.7 155.1 134.5 
(2.3) (9.9) (2.2) (85.6) 
813 4.9 32.8 8.4 301.6 347.7 843.8 
(0.9) (9.8) (3.3) (86.0) 
1391 9.3 101.9 34.3 895.6 1041.1 1502.2 
(1.4) (9.4) 2.4) (86.8) 
4204 64.9 473.4 631.9 2940.0 4110.3 3986.8 
(1.6) (11.5) (15.4) (71.5) 
5998 32.4 758.6 605.8 4475.1 5872.0 5914.3 
(0.6) (12.9) (10.3) (76.2) 
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A4 GLASSHOUSE EXPERIMENT 
A4.1 Data for Plant Leaves 
Plant species Soil EDTA·Pb Replicate Mean dry weight of Mean fresh weight Mean Pb conca Mean Pb uptake 
concentration (mg leaves of leaves in leaves by leaves 
kg"l) (g per pot) (g per pot) (mg kg"1 DW) (UI! per pot) 
Radish 10 1 1.85 25.17 0.2 2.1 
2 2.97 33.66 7.5 10.4 
3 0.84 11.79 0.3 1.1 
mean 1.89 23.54 2.7 4.6 
100 1 1.25 18.73 0.2 1.5 
2 1.58 19.29 10.4 12.0 
3 1.98 23.12 20.4 22.4 
mean 1.60 20.38 10.4 12.0 
800 1 2.11 25.74 7.7 9.8 
2 2.47 29.35 4.0 6.4 
3 2.30 33.06 0.4 2.7 
mean 2.29 29.38 4.0 6.3 
1400 1 2.21 36.19 12.6 14.8 
2 2.14 36.57 20.6 22.8 
3 2.63 30.98 20.2 22.8 
mean 2.33 34.58 17.8 20.1 
4200 1 2.59 37.39 49.4 52.0 
2 3.25 35.69 180.8 184.0 
3 2.99 48.63 142.4 145.4 
mean 2.94 40.57 124.2 127.1 
6000 1 3.10 29.04 22.6 25.7 
2 2.87 30.37 88.1 91.0 
3 3.97 30.24 36.4 40.4 
mean 3.31 29.88 49.0 52.4 
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Clover 10 I 0.95 7.10 0.4 1.3 
2 0.50 3.90 1.3 1.8 
3 0.97 7.80 7.7 8.7 
mean 0.81 6.27 3.1 3.9 
100 I 0.16 0.60 1.4 1.5 
2 0.83 5.90 15.2 16.0 
3 1.23 11.00 1.7 3.0 
mean 0.74 5.83 6.1 6.8 
800 I 0.31 13.50 2.3 2.6 
2 0.94 3.70 16.5 17.5 
3 1.21 4.50 11.6 12.8 
mean 0.82 7.23 10.1 11.0 
1400 1 1.57 16.40 16.7 18.2 
2 0.45 10.00 17.3 17.7 
3 0.53 5.10 1.3 1.8 
mean 0.85 10.50 11.7 12.6 
4200 1 1.82 0.70 124.0 125.9 
2 1.10 8.30 118.0 119.1 
3 0.58 1.50 159.2 159.7 
mean 1.17 3.50 133.7 134.9 
6000 1 1.03 2.30 174.5 175.6 
2 0.13 7.20 37.8 38.0 
3 0.21 8.20 68.8 69.0 
mean 0.46 5.90 93.7 94.2 
96 
Ryegrass 10 1 3.89 26.72 35.4 39.3 
2 3.00 24.28 1.0 4.0 
3 4.07 29.29 1.3 5.3 
mean 3.65 26.76 12.5 16.2 
100 1 2.90 21.93 9.8 12.7 
2 2.27 16.48 0.5 2.8 
3 3.22 22.76 4.9 8.1 
mean 2.80 20.39 5.1 7.9 
800 1 2.80 21.20 3.8 6.6 
2 3.53 19.02 17.6 21.2 
3 3.84 18.72 1.0 4.8 
mean 3.39 19.65 7.5 10.9 
1400 1 2.50 18.61 20.4 22.9 
2 2.46 21.62 14.3 16.7 
3 2.32 18.88 37.2 39.6 
mean 2.43 19.70 24.0 26.4 
4200 1 2.23 15.83 64.4 66.6 
2 2.60 20.82 56.7 59.3 
3 2.12 26.48 33.2 35.3 
mean 2.32 21.04 51.4 53.7 
6000 1 2.22 20.79 36.3 38.5 
2 2.58 25.78 55.3 57.9 
3 3.22 30.54 38.5 41.7 
mean 2.67 25.70 43.4 46.0 
97 
Barley 10 1 4.22 28.24 0.2 4.5 
2 3.38 26.66 0.3 3.6 
3 3.07 27.93 0.1 3.1 
mean 3.56 27.61 0.2 3.7 
100 1 2.65 16.75 0.2 2.9 
2 2.40 15.87 12.1 14.5 
3 2.44 18.55 0.6 3.0 
mean 2.50 17.06 4.3 6.8 
800 1 4.52 28.93 0.3 4.8 
2 3.53 26.47 26.2 29.8 
3 3.00 26.99 0.9 3.9 
mean 3.68 27.46 9.1 12.8 
1400 1 4.30 12.89 17.1 21.4 
2 3.93 28.78 12.4 16.3 
3 3.38 14.45 4.8 8.2 
mean 3.87 18.71 11.4 15.3 
4200 1 2.80 22.13 43.9 46.7 
2 3.67 25.93 41.8 45.4 
3 2.13 30.79 54.0 56.1 
mean 2.87 26.28 46.6 49.4 
6000 1 3.23 28.53 36.6 39.8 
2 3.28 26.50 35.0 38.3 
3 3.99 21.80 31.5 35.5 
mean 3.50 25.61 34.4 37.9 
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Lettuce 10 1 3.60 80.20 0.3 3.9 
2 4.42 84.80 0.1 4.6 
3 3.02 59.30 0.1 3.1 
mean 3.68 74.77 0.2 3.8 
100 1 0.02 0.90 3.5 3.5 
2 3.55 73.40 6.0 9.6 
3 - - - -
mean 1.79 37.15 4.8 6.5 
800 1 4.60 96.40 28.6 33.2 
2 5.30 107.30 5.2 10.5 
3 3.93 63.00 0.3 4.3 
mean 4.61 88.90 11.4 16.0 
1400 1 4.66 89.30 2.7 7.4 
2 - - - -
3 3.72 84.14 7.2 10.9 
mean 4.19 86.72 5.0 9.1 
4200 1 2.20 36.00 3.3 5.5 
2 1.93 32.50 0.1 1.9 
3 0.88 15.70 17.6 18.5 
mean 1.67 28.07 7.0 8.6 
6000 1 3.37 63.50 6.2 9.6 
2 0.82 16.40 0.1 0.8 
3 2.88 52.95 22.7 25.5 
mean 2.36 23.54 9.6 12.0 
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A4.2 Data for plant roots 
Plant species Soil EDTA·Pb concentration Replicate Mean dry weight Mean Pb concentration Mean Pb uptake 
(mg kg· l ) of roots of roots by roots 
(g per pot) (mg kg·1 DW) (U2 per pot) 
Radish 10 1 0.57 39.4 22.5 
2 0.72 1.6 1.1 
3 0.48 3.4 1.6 
mean 0.59 14.8 8.4 
100 1 0.67 23.2 15.5 
2 0.84 82.9 69.6 
3 0.74 39.6 29.3 
mean 0.75 48.5 38.1 
800 1 1.54 552.8 851.3 
2 1.38 611.3 843.5 
3 1.31 411.1 538.5 
mean 0.14 525.0 744.5 
1400 1 0.95 766.9 728.5 
2 0.89 313.5 279.1 
3 0.74 587.6 434.8 
mean 0.86 556.0 480.8 
4200 1 1.56 2860.4 4462.2 
2 1.17 3051.6 3570.4 
3 1.57 2173.3 3412.1 
mean 1.43 2695.1 3814.9 
6000 1 1.08 3533.3 3816.0 
2 0.94 4557.4 4284.0 
3 1.28 3386.3 4334.4 
mean 1.10 3825.7 4144.8 
100 
Clover 10 1 0.18 10.4 1.9 
2 0.22 0.9 0.2 
3 0.39 3.9 1.5 
mean 0.26 5.1 1.2 
100 1 0.05 920.0 46.0 
2 0.28 22.7 6.4 
3 0.33 118.3 39.1 
mean 0.22 353.7 30.5 
800 1 0.06 493.3 29.6 
2 0.41 320.3 131.3 
3 0.49 217.0 106.3 
mean 0.32 343.6 89.1 
1400 1 0.44 402.5 177.1 
2 0.10 88.7 8.9 
3 0.12 272.0 32.6 
mean 0.22 254.4 72.9 
4200 1 0.38 2361.4 897.3 
2 0.30 2646.4 793.9 
3 0.19 3107.5 590.4 
mean 0.29 2705.1 760.6 
6000 1 0.03 2222.5 66.7 
2 0.29 2173.0 630.2 
3 0.07 2107.5 147.5 
mean 0.13 2167.7 281.5 
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Ryegrass 10 I 0.89 3.9 3.5 
2 1.07 2.7 2.9 
3 1.29 3.3 4.2 
mean 0.96 3.3 3.5 
100 1 0.88 3.1 2.7 
2 1.09 1.7 1.9 
3 0.91 14.5 13.2 
mean 1.08 3.3 3.5 
800 1 1.00 69.2 69.2 
2 1.11 104.1 115.5 
3 0.79 80.8 63.8 
mean 0.97 84.7 82.9 
1400 1 0.75 172.8 129.6 
2 0.80 183.6 146.9 
3 0.61 1043.3 636.4 
mean 0.72 466.6 304.3 
4200 ' 1 0.53 522.6 277.0 
2 0.64 1433.5 917.5 
3 0.51 44.1 22.5 
mean 0.56 666.7 405.6 
6000 1 0.70 1537.4 1076.2 
2 0.57 1422.5 810.8 
3 0.96 1081.8 1038.6 
mean 0.74 1347.2 975.2 
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Barley 10 1 0.62 5.9 3.7 
2 0.63 4.1 2.6 
3 0.70 3.9 2.7 
mean 0.65 4.6 3.0 
100 1 0.66 15.8 10.4 
2 0.34 12.3 4.2 
3 0.48 20.5 9.9 
mean 0.49 16.2 8.2 
800 1 0.75· 140.2 105.1 
2 0.73 116.7 85.2 
3 0.89 151.2 134.5 
mean 0.79 136.0 108.3 
1400 1 0.81 218.0 176.6 
2 0.96 355.6 341.4 
3 0.58 220.0 127.6 
mean 0.78 264.5 215.2 
4200 1 0.60 1262.9 757.7 
2 0.85 1138.8 968.0 
3 0.69 1683.4 1161.5 
mean 0.71 1361.7 962.4 
6000 1 0.70 2794.0 1955.8 
2 0.49 1520.4 745.0 
3 0.80 1806.3 1445.0 
mean 0.66 2040.2 1381.9 
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Lettuce 10 1 0.64 79.3 50.8 
2 0.69 0.3 0.2 
3 0.49 28.5 14.0 
mean 0.61 36.1 21.7 
100 1 0.11 4.3 0.5 
2 0.06 83.3 50.0 
3 - - -
mean 0.36 43.8 25.2 
800 1 0.60 563.2 337.9 
2 0.73 123.1 89.8 
3 0.56 174.7 97.8 
mean 0.63 287.0 175.2 
1400 1 0.59 307.3 181.3 
2 - -
-
3 0.63 194.7 122.7 
mean 0.61 251.0 152.0 
4200 1 0.38 1536.7 583.9 
2 0.35 951.7 33301 
3 0.20 1675.8 335.2 
mean 0.31 1388.1 417.4 
6000 1 0.32 1644.5 526.2 
2 0.14 2423.6 339.3 
3 0.38 1837.5 698.3 
mean 0.28 1968.5 521.3 
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A5 CALCULATION OF TOTAL AMOUNT OF Pb PRESENT AT THE 8m 
Amount of Pb at site (to 20cm depth) 
Example calculation: 
Grid dimensions: 
Block depth: 
Block area: 
Block volume: 
Soil bulk density: 
Weight of soil in block: 
20.0 
0.2 
400.0 
80.0 
1.3 
1,300.0 
104,000.0 
m 
m 
m2 
m-3 
gcm-3 
kgm3 
kg 
Amount of Pb in sample: ego 
Amount of Pb in block: 
8,303.0 
863.5 
mg Pb kg- l soil 
kgPb 
Scenario 1: Amount of lead deposited, using the measured EDT A concentrations 
Weight of lead on site: 15,339.4 
Weight of lead deposited on site per year: 255.7 
Equivalent number of cartridges (30 g each): 511,313 
Equivalent number of cartridges per yr: 
Number of boxes (25/box): 
8,522 
341 
kg 
kg per year 
cartridges 
cartridges per year 
boxes per year 
Scenario 2: Amount of lead deposited, using 4 x the measured EDT A concentra~ons 
(to account for Pb removal by 2 mm sieve) 
Weight of lead on site: 
Weight of lead on site per year: 
61,357.5 
1,022.6 
Equivalent number of cartridges (30g each): 2,045,250 
Equivalent number of cartridges per yr: 
Number of boxes (25/box): 
34,088 
1364 
105 
kg 
kg per year 
cartridges 
cartridges per year 
boxes per year 
